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Abstract 
 
Conventional alloys and special alloys invented in the past decades were based on one 
principle elements such as iron-based, copper-based, aluminium-based and nickel-
based super alloys. Numerous engineering and functional applications had been 
fulfilled by the number of alloy design concept such as micro alloying, binary and 
ternary alloys and inter-metallic compounds. Based on the physical metallurgical 
principles and binary and ternary phase diagrams, the formation of metastable inter-
metallic compounds were expected in multi-component alloy systems. However, 
Brian Cantor and J.W. Yeh explored the formation of simple alloy system with 
multiple principle elements.  
High Entropy Alloy (HEA) is the new multi-element alloy design concept which 
consisting of at least five principle elements with an atomic percentage of 5-35% and 
difference in the atomic radii less than 12%. HEAs become main focus by number of 
researcher in recent years due to their improved properties when compared with 
convention and special alloy systems. In general, as-cast HEAs have casting defects 
such as porosity, coarse columnar and meta-stable dendritic structure. Post processing 
namely homogenization, aging and thermo-mechanical treatment have been proposed 
to overcome the casting defects and to improve the mechanical properties. 
Thermomechanical processing plays a major role in improving the mechanical 
properties of the materials by refining the grains through recrystallization. The rate of 
recrystallization nucleation majorly depends on the dissociation of dislocation and 
grain boundary migration. This is mainly controlled by the diffusion of elements 
which is directly proportional to the rate of recrystallization. High recrystallization 
temperature and grain growth exponent in HEAs than the conventional alloy system 
was proposed, due to sluggish diffusion. Complete solid solution in the HEA was 
proposed to be the reason for slow diffusion which could retard the recrystallization 
(softening). Highlighting the resistance to softening even at high temperature, a very 
limited studies have been performed on the thermo-mechanical behaviour of the HEA 
systems. The present work was targeted to analyse optimised processing condition for 
thermomechanical processing to achieve a fully recrystallized microstructure.  The 
effect of different processing parameters such as strain and annealing temperature for 
    Abstract 
xviii 
 
static recrystallization and deformation temperature, strain rate and strain for dynamic 
recrystallization were studied to improve the mechanical properties of the 
AlxCoCrFeNi HEA system. 
 
Arc melting was utilised to produce HEAs with three different molar ratios of Al 
content, with different phases and microstructures. The evolution of the microstructure 
following cold rolling and annealing (static recrystallization) and during hot 
deformation (dynamic recrystallization) was studied in the Al0.3CoCrFeNi (FCC), 
Al0.6CoCrFeNi (FCC+BCC) and Al0.9CoCrFeNi (BCC in as-cast and BCC+FCC in 
homogenized alloy) HEAs. Cold rolling, annealing, high temperature plane strain 
compression (PSC) test, hardness test, tensile test, X-ray diffraction (XRD), scanning 
electron microscopy (SEM) and electron-backscattered diffraction (EBSD) were used 
to study the static recrystallization, dynamic recrystallization and mechanical 
properties of HEAs. 
 
The as-cast Al0.3CoCrFeNi and Al0.9CoCrFeNi HEAs consisted of a columnar 
structure along the solidification direction with a single phase FCC and BCC, 
respectively. The as-cast Al0.6CoCrFeNi evolved columnar dendritic structure with 
two phase FCC and BCC. Single phase FCC was stable in the Al0.3CoCrFeNi HEA 
after homogenization heat treatment at 1100°C for 24 hours. However, phase 
separation occurred in the Al0.6CoCrFeNi and Al0.9CoCrFeNi HEAs during 
homogenization. Al-Ni rich BCC phase was evolved along the inter-dendritic region 
in the Al0.6CoCrFeNi HEA. In the case of Al0.9CoCrFeNi HEA droplet shaped FCC 
phase (Cr-Fe rich) was formed in the BCC matrix (Al-Ni rich).  
 
Cold rolling was performed up to 70% reduction in thickness followed by annealing 
at 800-1000°C on the as-cast Al0.3CoCrFeNi HEA. The dual phase FCC/BCC and 
single phase BCC HEAs were not studied due to inability to cold work. 
Recrystallization temperature (1000°C) and activation energy (~549 kJ/mol) for static 
recrystallization was higher when compared with conventional alloy systems, which 
indicates the low rate of recrystallization in the Al0.3CoCrFeNi HEA. It is proposed 
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that segregation along the grain boundary and evolution of precipitates during 
annealing in the as-cast HEA contribute to slow recrystallization. Hence, 
homogenization heat treatment was performed prior to cold rolling and annealing to 
achieve the chemical homogeneity in the Al0.3CoCrFeNi HEA. The static 
recrystallization was quicker in the homogenized Al0.3CoCrFeNi HEA, where full 
recrystallization was achieved in 2 mins of annealing at 900, 1000 and 1050°C. 
However, long annealing time revealed slow grain growth, with a grain growth 
exponent of ~ 5.5 (2-3 for conventional alloys) and activation energy of grain growth 
~583 kJ/mol in Al0.3CoCrFeNi HEA. The number of solute atoms (five principle 
elements), large atomic radius Al content, homogenization and the evolution of 
precipitates had a critical role in the recrystallization and grain growth behaviour of 
the Al0.3CoCrFeNi HEA. The evolution of microstructure after thermo-mechanical 
treatment had a significant effect on mechanical properties of HEA. The refined 
microstructure of Al0.3CoCrFeNi HEA after cold rolling followed by annealing at 
1000 and 1050°C exhibited a significant grain boundary strengthening. The evolution 
precipitates had a significant effect on the mechanical properties of the alloy annealed 
at 900°C in addition to the grain boundary strengthening.  
 
Hot deformation was performed on the homogenized AlxCoCrFeNi (x = 0.3, 0.6 and 
0.9) HEAs to study the dynamic recrystallization behaviour. High temperature plane 
strain compression test was selected to simulate rolling. The flow curves of the FCC 
Al0.3CoCrFeNi HEA with a strain rate of 0.002 s-1 showed typical dynamic 
recrystallization behaviour in the temperature range 930 - 1030°C. However, the flow 
curves of deformation with a relatively high Zener-Hollomon parameter (strain rate 
0.01 s-1 at 1000 and 1030°C) displayed work hardening. The evolution of 
microstructure after hot deformation exhibited a necklace type structure, similar to 
other low stacking fault energy materials. However, in the Al0.3CoCrFeNi HEA, 
steady state was not attained and displaying only a partial recrystallization. To study 
the effect of Al on dynamic recrystallization behaviour of the Al0.3CoCrFeNi HEA, 
Al-free CoCrFeNi and CoCrFeMnNi HEAs were subjected to hot deformation.  Rate 
of recrystallization was higher in Al-free HEAs when compared with Al0.3CoCrFeNi 
HEA. Since, Al0.3CoCrFeNi HEA consists of columnar grain structure, this could 
effect on dynamic recrystallization. It was quite difficult to achieve the required size 
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of Al0.3CoCrFeNi HEA with equiaxed grain for plane strain compression test. Hence, 
304SS with equiaxed grain and columnar grains were chosen to study the effect of 
initial grain size on dynamic recrystallization. A lower rate of recrystallization was 
achieved in the columnar grain 304SS than in the equiaxed 304SS. Hence, it has been 
proposed that the Al and coarse columnar grain structure had a significant impact in 
retarding the dynamic recrystallization in the Al0.3CoCrFeNi HEA. 
 
Hot deformation was also performed on the homogenized Al0.6CoCrFeNi and 
Al0.9CoCrFeNi duplex HEAs. This is the first systematic study to perform the dynamic 
recrystallization behaviour of duplex HEA system with an in-depth microstructural 
analysis. The flow curve and microstructure of the hot deformed Al0.6CoCrFeNi and 
Al0.9CoCrFeNi HEAs displayed strain partioning effect due to the presence of FCC 
and BCC phases (duplex). A refined grain structure obtained in the FCC phase of 
Al0.6CoCrFeNi duplex HEA after hot deformation is majorly influenced by the 
discontinuous dynamic recrystallization. Since, subgrain growth was observed in the 
BCC is due to the continuous dynamic recrystallization mechanism. In the case 
Al0.9CoCrFeNi duplex HEA, subgrain growth in the BCC phase is influenced by the 
continuous dynamic recrystallization. Since, FCC phase is low and surrounded by 
BCC phase in Al0.9CoCrFeNi HEA, subgrain rotation occurred during high 
temperature deformation process. Even though, hot deformation performed at high 
temperature with low strain rate (1050C and 0.01), full recrystallization was not 
achieved, could be due to sluggish diffusion behaviour of this alloy system. 
 
High temperature plane strain compression on AlxCoCrFeNi HEA exhibited only 
partial recrystallization at 1030°C. It was quite difficult to perform the deformation 
above 1030°C and for the rolling strain rate due to machine constraints. Hence, hot 
rolling was performed at 1200°C for Al0.3CoCrFeNi and at 1175°C for duplex 
Al0.6CoCrFeNi and Al0.9CoCrFeNi HEAs (below the liquidus temperature). 
Irrespective of the alloys, the hot deformed microstructure exhibited only partial 
recrystallization and resulted in a reduced plasticity when compared with 
homogenized alloys. 
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The above findings from the thermo-mechanical process establish a solid platform for 
future works such as aging on refined microstructure, warm deformation followed by 
annealing and post-deformation recrystallization on AlxCoCrFeNi HEAs.  
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1. Introduction 
  
1.1. Background  
 
High Entropy Alloys (HEA) are a new alloy design concept developed by J.W.Yeh, 
which forms a simple solid solution [1]. The empirical rules of HEA states that the 
alloy must contain at least five principal elements. The atomic percentage of elements 
should be between 5 – 35% and the variation in their atomic radii should be less than 
12% [1]. Based on this alloy design, it is quite clear that HEA display a significant 
difference from that of ferrous (Fe based) and non-ferrous (Al, Ni, Cu, Ti etc.) alloys, 
which majorly consists of one or two principle elements. HEAs have attracted a lot of 
attention due to their improved mechanical properties such as strength and hardness 
[2-8]. Also, they have revealed improved wear [9-12], corrosion [13-16], oxidation 
resistance and high temperature phase stability [17-20].  
 
In general, HEAs with equal atomic or near equal atomic elements have known to 
exhibit a complete solid solution with simple crystal structure such as FCC or BCC or 
HCP or the combination of these due to high entropy effect [1, 21, 22]. Thermo-
dynamic parameters such as entropy of mixing [23-26], enthalpy of mixing [23-29], 
atomic size [23, 25, 27-30] and valance electron concentration [31, 32] have been 
optimised to overcome the formation of intermetallic compounds and phase 
separation. This is aimed to increase the prospect of stable solid solution formation. 
 
AlxCoCrFeNi alloy is one of the most widely studied HEA systems where there is a 
phase transformation from FCC to BCC with a progressive increase in the Al content 
(BCC stabilizer) [3, 33, 34]. This alloy system is most extensively studied due to their 
improved thermo-physical, electrical [35], corrosion [14], mechanical properties [33]. 
Therefore, this alloy system was selected for the present work.  
In general BCC structured HEAs exhibit very high strength with low ductility, 
whereas FCC structured HEAs demonstrate low strength with moderate ductility at 
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room temperature [2, 3, 6-8]. The formation of annealing twins in FCC structured 
HEAs suggests that these materials fall under the low stacking fault energy (low SFE) 
materials similar to that of stainless steel and brass [36-40]. On the other hand, there 
is an absence of stacking sequence and the deformation occurs by active slip systems 
in BCC structured HEAs. This clearly shows that these alloys fall under high stacking 
fault energy (high SFE) materials. Most of the BCC structured HEAs are brittle in 
nature with a limited plastic deformation [3, 7, 33, 41]. Therefore there is a need to 
develop HEAs that have an optimum balance of strength and ductility for structural 
applications.  
 
One of the challenging tasks is identifying the right process to improve the mechanical 
and microstructural properties of these alloy system. Researchers have suggested cold 
rolling followed by annealing (static recrystallization) or high temperature 
deformation (dynamic recrystallization) process are two important processes that 
improve the structural behaviour of ferrous and non-ferrous materials [42]. Thermo-
mechanical processes, such as hot deformation, results in microstructure refinement, 
often leading to improved strength and ductility in the material. Microstructural 
changes occur during the recrystallization process which controls the metallurgical 
phenomena, thereby improving the mechanical properties. The rate of nucleation of 
recrystallization is controlled by the mobility of grain boundary and dissociation of 
dislocation, which depends on the diffusion of atoms [42]. However in the case of 
HEAs, slow diffusion was proposed even at high temperature, which could lead to a 
limited movement of dislocations and retarding the recrystallization [43-47]. Also, 
only limited studies have been reported on the recrystallization behaviour of HEAs 
[37, 39, 40, 43, 45, 46, 48-52]. There is no study reported the nucleation, kinetics and 
activation energy of static recrystallization. Although, few studies reported the hot 
deformation behaviour of HEAs, no systematic study had been performed to determine 
the effect of Al on dynamic recrystallization behaviour of HEAs.  
The aim of the present study is to understand the effect of different processing 
conditions on the static and dynamic recrystallization behaviour and their respective 
microstructure and mechanical properties of AlxCoCrFeNi HEAs.    
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1.2. Thesis outline 
 
The objective of this study was to determine the recrystallization behaviour of HEA 
during cold deformation followed by annealing (static) and hot deformation process 
(dynamic). This study examines the kinetics, activation energy and the optimised 
processing conditions for the static and dynamic recrystallization.  
 
The structure of this thesis consists of literature review, experimental methods, 
followed by four technical chapters, conclusions and future work. 
 
Chapter 2: Literature review 
The first section of the literature review summarise the basic alloy design concept of 
HEA and their properties. A basic understanding on the static and dynamic 
recrystallization behaviour was reported for conventional metals alloys. Recent studies 
on cold rolling followed by annealing and hot deformation behaviour of HEAs has 
been discussed. The gaps in knowledge on recrystallization behaviour of HEAs and 
the research question for the current work were discussed at the end of this chapter.  
 
Chapter 3: Experimental methods 
The following processing and characterization techniques were discussed in this 
chapter:  
 The alloy composition for AlxCoCrFeNi (x = 0.3, 0.6 and 0.9) HEAs.  
 Arc melting method for melting and casting process. 
 Cold rolling and annealing for static recrystallization process. 
 Servo test for hot deformation process (dynamic recrystallization). 
 Material characterization methods  
XRD, SEM (Imaging, EDX and EBSD) and metallography sample preparation 
methods. 
 Tensile test for determination of mechanical properties. 
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Chapter 4: Synthesis and characterization 
Chapter 4 involves the analysis of phase formation and microstructural investigation 
in the as cast and homogenized AlxCoCrFeNi HEAs. The main objective of this 
chapter was to compare the alloy design concept with the results obtained from the 
characterization techniques to justify the phase and microstructural evolution in 
HEAs. Phase separation during homogenization was studied in the Al0.6CoCrFeNi and 
Al0.9CoCrFeNi HEAs.  
 
Chapter 5: Static recrystallization 
Chapter 5 examines the cold deformation and the annealing behaviour of 
Al0.3CoCrFeNi HEA. The effect of strain and annealing temperature were also 
investigated. The objective of this chapter was to analyse the evolution of 
recrystallization nucleation and growth during deformation followed by annealing 
process. The outcomes from this study provided clear understanding on the effect of 
deformation and annealing parameter on the kinetics and activation energy of static 
recrystallization. It also examined the effect of homogenization on the 
recrystallization. The effect of formation of precipitates during annealing on the 
recrystallization and grain growth was also discussed in detail.   
 
Chapter 6: Dynamic recrystallization 
The effect of strain, strain rate and temperature were investigated on the dynamic 
restoration behaviour of homogenized Al0.3CoCrFeNi (FCC) HEA. The main focus of 
this study was to determine the microstructural evolution, kinetics and activation 
energy of dynamic recrystallization. Since the study was carried out by plane strain 
compression test, it provides a better understanding of hot rolling parameters.  
The effect of second phase on dynamic recrystallization was also investigated in this 
chapter. The hot deformation behaviour of duplex Al0.6CoCrFeNi and Al0.9CoCrFeNi 
HEAs were investigated and their mechanism of restoration was explained in detail.   
 
 
Chapter 1  Introduction  
5 
 
Chapter 7: Mechanical properties 
This chapter studies the effect of grain boundary and precipitation strengthening of 
cold rolled and annealed Al0.3CoCrFeNi HEA. The effect of homogenization on the 
mechanical properties of AlxCoCrFeNi HEAs were investigated. The microstructural 
evolution and mechanical properties were also reported for the hot rolled HEAs. 
 
Chapter 8: Conclusions and future work 
The main contribution to the recrystallization behaviour of HEAs was discussed in 
this chapter. This chapter also summarises the major findings on static and dynamic 
recrystallization behaviour of HEAs as reported from the above technical chapters. 
This chapter also suggests the potential area for future work, such as the effect of aging 
(for precipitates), warm rolling followed by annealing, post deformation (meta-
dynamic and static) recrystallization and multi pass hot rolling on HEA systems.    
Chapter 2                                                                                             Literature review 
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2. Literature review 
 
2.1. High Entropy Alloys 
 
2.1.1. Introduction 
 
More than thirty alloy systems have been developed to date, based on one or two 
principal elements [53]. The performance of these conventional materials can be 
improved in two ways; adding the micro alloying elements to the principal elements 
or by novel manufacturing routes. The novel processing routes include mechanical 
alloying [54], rapid solidification for glass formation [55], equal channel angular 
pressing (ECAP) [56], forming by spraying [57] etc. Various advanced materials such 
as bulk metallic glasses (BMG) [55], metal matrix composite (MMC) and nano 
structured materials [54] are produced by the novel production techniques.  
 
In the field of new advanced materials, J.W. Yeh et.al, [1] focused on a new alloy 
design concept which involves multiple principal alloying elements with equal or 
nearly equal molar ratio. These multicomponent alloys are known as High Entropy 
Alloys (HEA) due to their high entropy of mixing (configurational entropy) [1]. 
Physical metallurgy principles with supported phase diagram analysis proposed that 
the alloy formation with more principal elements leads to the formation of many 
intermetallic compounds [58]. Hence, producing multicomponent alloys are not 
recommended, assuming that the evolution of a complex microstructure may result in 
brittleness, difficulties in processing by conventional routes and poor mechanical 
properties [1, 58]. However, J.W. Yeh et.al [1] reported the formation of a new alloy 
design concept consisting of multiple principle elements to form a simple FCC or BCC 
phase. The alloy system is described in detail in the following section. 
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2.1.2. High entropy alloy design concept (Thermodynamic 
consideration) 
 
The commonly known Gibbs phase rule articulates that the number of phases (P) 
formed at the equilibrium condition and at constant pressure is indicated as a function 
of mixing elements (C) [59]:   
F+P = C+1        Equation 2.1 
Here, ‘F’ is the degree of freedom. It is a number of intensive variables which could 
be changed independently without modifying the phases present in equilibrium 
condition. The number of phases that are formed in a multi component alloy system is 
less when compared with the number of phases predicted from the Gibb’s phase rule. 
It is suggested that the large entropy of mixing in this alloy system restrict the 
formation of a number of phases and results in a simple solid solution [1, 60, 61]. 
Based on these interesting results, J.W. Yeh et al. focused on mixing a number of 
different principal elements to develop a new alloy design concept termed as High 
Entropy Alloy (HEA).  
 
The formation of a solid solution in binary alloys is governed by the Hume – Rothery 
rules [62] and it states that the difference between atomic radii should be less than 
15%. It also states that the binary mixing elements should have relatively the same 
valency, electronegativity and the same crystal structure for the formation of solid 
solution.  
 
All the earlier assumption on the multi-element based alloys had been broken by J.W. 
Yeh et.al, when they experimentally produced stable solid solutions rather than 
intermetallics. This was explained on the basis of their large mixing entropies [1, 63, 
64]. The entropy of mixing is the combined effect of four different entropies namely, 
configurational, vibrational, magnetic dipole and electric randomness entropies. 
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The configuration entropy of mixing has the major contribution in the alloy system at 
equilibrium condition.  The Boltzmann’s equation, which has a relationship of 
configuration entropy (∆S௖௢௡௙) as a function of number of way of mixing the elements 
(ω)  [65] 
∆S௖௢௡௙= -k ln ω = -R∑ ܿ௜	 ln ܿ௜௡௜ୀଵ      Equation 2.2 
Where,  
k – Boltzmann constant, 
R – Gas constant (J/mol K) 
ci – Molar fraction of mixing elements 
If the mixing elements are in equal molar ratio (equiatomic alloys), the 
configurational entropy equation can be defined as, 
∆S௖௢௡௙ = R ln n       Equation 2.3 
Where, n is the number of mixing elements 
Alloys have been classified into three groups with regards to their configurational 
entropy (Fig. 2.1) [26, 63, 66-68]: 
 Low entropy alloys (LEA) – Alloys based on one or two principle elements 
 Medium entropy alloys (MEA) – Alloy based on 2 to 4 principle elements 
 High entropy alloys (HEA) – Alloys based on 5 or above principle elements 
 
The configurational entropy of alloys with a number of mixing elements is reported in 
the Table. 2.1. Multicomponent alloy with configurational entropy ≥ 1.5R is termed 
as HEAs, which means that the alloy with ≥ 5 principle elements is represented as 
HEAs. 
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Table 2. 1. Configurational entropy with regards to number of mixing elements 
 
 
Figure 2. 1. Alloys classified by configuration entropy (∆ࡿࢉ࢕࢔ࢌ – Configurational 
entropy and R – Gas constant) [26, 68] 
 
The Gibb’s free energy plays a major role in the alloy development, where it has to be 
negative for a stable phase formation in the alloy systems. The Gibbs free energy is 
stated as a function of configurational enthalpy of the system and it is given by: 
∆Gmix = ∆Hmix - T∆Smix              Equation 2.4 
Where, 
∆Gmix – Gibbs free energy of mixing (kJ/mol) 
∆Hmix – Configuration mixing enthalpy (kJ/mol) 
T – Absolute temperature (K) 
∆Smix – Configuration mixing entropy (kJ/mol K) 
Equation 2.4 denotes that the positive enthalpy of mixing increases (positive) the 
Gibb’s free energy and leads to an unstable state. It has been proposed [23, 69] that 
the enthalpy of mixing has to be negative such that it can avoid the meta-stable phase 
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formation and results in an equilibrium solid solution. A negative enthalpy of mixing 
between the alloying elements is considered to be one of the criteria for increase in the 
solid solution formation in the HEAs [43, 70]. The enthalpy of mixing (∆Hmix) of solid 
solution determined from the expression (Equation 2.5) [71-74]: 
∆Hmix = ∑ ߗ௜௝ܿ௜ ௝ܿ௡௜ୀଵ               Equation 2.5 
Where, Ωij is the regular melt interaction parameter and it is a function of 4∆H௜௝௠௜௫. 
Also, ci and cj are the atomic fraction of the binary mixing elements. The enthalpy of 
mixing between binary elements (∆H௜௝௠௜௫) is predicted from the Miedema model [75]. 
The enthalpy of mixing (∆Hmix) for n a number of elements has been investigated 
(Equation 2.5) for a number of alloy systems and an optimum condition was derived 
as ∆Hmix ≥ -8.8 kJ/mol [29]. The Gibb’s free energy principle also supports that the 
formation of a stable solid solution when the enthalpy of mixing (∆Hmix) is negative. 
In addition, the configurational entropy also has major contribution for the stable sold 
solution formation in multi-component HEAs (∆Smix ≥ 1.5R), due to their large 
entropy of mixing (leads to negative Gibb’s free energy). 
 
Based on the above theory, the mixing enthalpy and the entropy have a major influence 
on the formation of a solid solution. Considering the formation of phases occur at the 
melting temperature (Tm), a new parameter Ω was introduced as a function of the 
combined effect of enthalpy and entropy for the formation of solid solution in HEAs 
[27]: 
Ω = ்௠∆ୗ୫୧୶│∆ୌ୫୧୶	│                Equation 2.6 
The value of Ω was proposed to be positive and the critical value Ω = 1 was proposed 
for the formation of solid solution. HEAs form simple solid solution, if Tm∆Smix has 
more contribution than the ∆Hmix (Ω > 1). On the other hand, if the value of ∆Hmix is 
higher (and positive) (Ω < 1) than Tm∆Smix, this leads to an increase in the free energy 
in the formation of segregation and ordered compounds. Therefore, the value of Ω is 
proposed to be ≥ 1.1 for the formation of solid solution [27]. 
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The evaluation of Ω is based on the quasi-chemical nature of mixing elements in 
HEAs, however the atomic mismatch of elements were not considered in this 
approach. Since each element act as a solute atom, thereby, the mixing elements 
occupy randomly in a crystal structure. Moreover, there could be possibility of atomic 
distortion due to the large atomic size difference between the mixing elements and this 
leads to an increase in the lattice strain. It has been reported that the possibility of solid 
solution formation is significantly affected by an increase in the free energy, which is 
due to lattice distortion. In order to explain the effect of atomic size of mixing 
elements, the parameter delta (δ) and the comprehensive effect of atomic size 
difference was introduced: 
 δ = ට∑ c௡௜ୀଵ ݅ሺ1 െ ௥೔௥ ሻ              Equation 2.7 
Where, ݎ  = ∑ ܿ௜	௡௜ୀଵ ݎ௜ is the average atomic radius (pm) of mixing elements, ci is the 
fraction of mixing elements and n is the number of mixing elements. It has been 
proposed that the value of δ should be low to avoid the formation of a glassy phase. 
 
The parameters Ω and δ are considered to be important parameters for a solid solution 
formation. The parameters Ω ൒ 1.1 and δ ≤ 6.6 [24, 27, 76] were proposed by 
analysing the different composition for the formation of a solid solution, rather than 
intermetallics or bulk metallic glasses (Fig. 2.2). 
 
Chapter 2                                                                                             Literature review 
12 
 
 
Figure 2. 2. The relationship between comprehensive effect of atomic size 
difference and    Ω = ࢀ࢓∆ࡿ࢓࢏࢞│∆ࡴ࢓࢏࢞	│  for solid solution formation in HEAs [27] 
 
Even though the solid solution formation was predicted from the parameters Ω and δ 
of the mixing elements, it is a challenging task to predict the specific phase formation 
of multi-component HEAs. Therefore, a criteria was proposed for the formation of 
austenite and ferrite phase formation with regards to the Ni and Cr equivalent in a 
stainless steel (Equation 2.8 and 2.9) [77].  
Nieq = (Ni) + (Co) + 0.5(Mn) + 0.3(Cu) + 25(N) + 30(C)         Equation 2.8 
Creq = (Cr) + 2(Si) + 1.5(Mo) + 5(V) + 5.5(Al) + 1.75(V) + 1.5(Ti) + 0.75(W)      
                             Equation 2.9 
Elements in the equations are represented as atomic percentage. The FCC phase 
formation was proposed with the Ni equivalent elements and BCC phase formation 
with the Cr equivalent elements for the Cu-Cr-Fe-Ni-Mn HEA systems [78], similar 
to that of a stainless steel (Fig. 2.3). The phase formation in this alloy system showed 
good agreement with the Ni and Cr equivalent.   
 
The parameter Valence Electron Concentration (VEC) was also proposed for stability 
of FCC or BCC phase in HEA systems. VEC is defined as the total number of electrons 
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accommodated in the valence band including the electrons in the ‘d’ shell (Equation 
2.10) [31, 79, 80].  
VEC = ∑ ܿ௜௡௜ୀଵ 	(VEC)i            Equation 2.10 
Where, ci is the atomic fraction of elements and (VEC)i is the VEC in the individual 
elements. It has been proposed that FCC and BCC crystal structures would be stable, 
if VEC	൒ 8 and VEC ≤ 6.87 respectively [31]. The above criteria proposed the 
formation of a simple crystal structure with complete solid solution, thereby having a 
significant influence on the mechanical properties and the microstructure of multi-
component HEAs. 
 
2.1.3. Properties of HEA 
 
A number of factors influence the microstructure and the mechanical properties of 
high entropy alloys. However, a high entropy of mixing (due to more solute atoms), 
lattice distortion, sluggish diffusion and cocktail (composite) effect have a major 
impact on the mechanical properties of HEAs [64, 67].  
 
Based on the Boltzmann hypothesis (Equation 2.3) and Gibbs free energy principle 
(Equation 2.4), the high entropy of mixing lowers the tendency of segregation and 
ordering in HEAs. As a result, HEAs yield a stable random solid solution by avoiding 
the formation of intermetallic compounds or ordered alloys during solidification (Fig. 
2.3). However, each atom in the HEAs are surrounded by a different kind of atom 
type, which often leads to lattice distortion mainly instigated by the atomic size 
difference. Moreover a simple unit cell produces a severe lattice distortion by adding 
the alloying element of different atomic radius as shown in the schematic three 
dimensional unit cell (Fig. 2.4). For example, replacing few Cr atoms (atomic radius r 
= 128 pm - BCC structure) with V (r = 134 pm), Ti (r = 147 pm) and Al (r = 143 pm) 
atoms induce lattice distortion due to their large atomic size difference. However an 
amorphous structure is avoided by maintaining the atomic size difference less than 
12% (or δ ≤ 6.6). This induced lattice distortion causes a high solid solution 
strengthening and thermal resistance in HEAs [23, 67].  
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Figure 2. 3. Simple solid solution a) BCC and b)FCC [64] 
 
 
Figure 2. 4. a) Simple Cr – BCC b) Lattice distortion by V and c) Lattice 
distortion by different atomic size [23] 
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HEAs exhibit good high temperature compressive strength and room temperature 
ductility [1, 2]. The compressive strength of HEA was increased with the addition of 
the Mo and addition of C [8, 81]. The refractory alloys displayed an extensive room 
temperature compressive strength [82-84]. The hardness of HEA increased with an 
increase in the Al content [1, 3, 15]. HEA displayed a higher high hardness than the 
Ni based super alloys [18] and good fatigue behaviour [85]. The adhesive wear 
behaviour of the AlxCoCrCuFeNi HEA increases with a higher aluminium molar 
ration [10] and refractory HEA showed an improved dry sliding wear behaviour [12]. 
The reported improved properties are due to the lattice distortion effect of solutes in 
HEAs.  
 
Phase transformation in alloy systems are mainly influenced by the atomic diffusion 
of the elements. However in HEAs, movement of atoms is limited even at high 
temperature due to their complete solid solution. The lattice distortion could be 
attributed by their large entropy of mixing and atomic size difference.  A slow 
diffusion of atoms (i.e. sluggish diffusion) influences the phase stability at high 
temperature [86-88]. Thereby, leading to an excellent high temperature wear 
resistance [11, 13, 15, 89].  
 
HEAs are attractive for a wide range of engineering (structural and functional) 
applications, due to their improved properties, which is largely influenced by the core 
effects such as high entropy, lattice distortion and cocktail effect.  Most of the previous 
have reported the compression test and hardness of HEA than the tensile properties, 
due to their low tensile ductility and brittleness, specifically in BCC phase alloys [2, 
3, 8, 81, 82, 84, 90, 91]. On the other hand, FCC structured HEAs are known as low 
stacking fault energy materials with low strength and moderate tensile ductility at 
room temperature. Therefore, these unbalance mechanical properties, which often 
restrict the HEAs to be used in engineering (mainly structural) applications. Most as-
cast HEAs have coarse columnar grains or columnar dendritic structure [3, 33, 92], 
which often results in poor mechanical properties [92, 93]. Therefore, attempts have 
been made to improve the mechanical properties by introducing minor alloying 
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elements in HEA systems [94-97]. Although, the strength of the alloys increased with 
the addition of alloying elements, but it resulted in poor ductility. 
 
In general, recrystallization is suggested for refining the grain structure of the alloy 
without losing their ductility with improved strength. It had been proposed that 
sluggish diffusion (one of the core effect) [45, 67, 87, 98] may affect the 
recrystallization behaviour in HEAs. Few researchers made an attempt to study the 
thermo-mechanical behaviour of HEAs [98-100]. However, the amount of work is 
quite limited on the thermo-mechanical behaviour of HEAs. Hence, the current study 
is focused to understand the static and dynamic recrystallization behaviour of HEAs.  
 
The following section summarises the fundamentals of static and dynamic 
recrystallization behaviour metals and alloys. A detailed account on deformation and 
the recrystallization behaviour of HEAs will be discussed later in this chapter.     
 
2.2. Thermo-mechanical behaviour of metals and alloys 
 
 
Recrystallization is a thermally activated process, which involves the formation of new 
strain free grains at the deformed grain by entirely consuming the original grains of 
the material. Doherty et.al, [101] defined that the recrystallization is the formation of 
new strain free grains with high angle grain boundaries (> 10 - 15° misorientation) in 
the deformed materials. The stored energy during deformation is utilised for the 
formation of new grains. 
 
Recrystallization processes involves the nucleation and growth of a new grain 
resulting in a significant change in the microstructure and mechanical properties of the 
material. During this process, the microstructure is divided into recrystallized and non-
recrystallized regions until complete recrystallization is achieved. A full 
recrystallization leads to reduction in strength and hardness of the deformed material 
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with a predominant increase in the ductility. However, improved strength is obtained 
due to the refined microstructure (Hall-Petch effect) in the recrystallized material 
when compared with the initial material (i.e. before deformation). 
   
Recrystallization generally can involve static or dynamic events. Recrystallization 
which occurs after cold deformation is static recrystallization, meanwhile the 
evolution of new grains during deformation (hot deformation) is dynamic 
recrystallization. It is important to note that there is also meta-dynamic 
recrystallization, which occurs statically from a dynamically recrystallized initial 
microstructure [42]. 
  
2.2.1. Cold deformation 
 
Cold deformation is usually performed to introduce stored energy in the material. Most 
of the energy given during deformation is dissipated as heat and only a small amount 
(~1%) of energy is stored in the material [42]. The stored energy of the material 
increases during cold deformation, due to the accumulation and generation of point 
defect, dislocations and stacking faults. The stored energy increases with an increase 
in the percentage of deformation. This stored energy can be utilized to induce 
microstructural changes in the deformed material by recovery and recrystallization 
which is activated by secondary processing such as high temperature annealing. 
 
2.2.2. Recovery 
 
Recovery is a thermally induced process in materials, which involves the change in 
the microstructure and mechanical properties of the deformed material. During the 
recovery process, the stored energy is reduced by the annihilation and rearrangement 
of dislocation created during deformation (Fig. 2.5) [42].  The recovery process is 
usually affected by the nature of the material. The Stacking Fault Energy (SFE) 
controls the dissociation of dislocations which determines the rate of climb, slip and 
cross slip (rate of recovery). However climb is quicker and occurs uniformly for 
material with high SFE due to no or limited stacking fault [42, 102]. As a result, 
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rearrangement of dislocation forms the cell wall (Fig. 2.5b) and leads into a lower 
energy configuration followed by annihilation of dislocation within the cell structure 
(Fig. 2.5c). The annihilation of dislocation continues during annealing and forms 
regular dislocation networks, which is represented as low angle grain boundary 
(LAGB) of subgrain structure (Fig. 2.5d). The subgrain growth (Fig. 2.5e) occurs by 
the decomposition or migration of LAGB into high angle grain boundary (HAGB), 
resulting in the nucleation of recrystallization. However, in the case of low SFE 
material dislocation dissociation is difficult due to the high stacking fault (climb is 
difficult) and only a little recovery occurs before recrystallization [42]. 
 
 
Figure 2.5. Schematic representation of various stages in the recovery of 
deformed material [42] 
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2.2.3. Static recrystallization  
 
Materials are evolving free energy or stored energy in the form dislocations during 
deformation. These thermodynamically unstable structures are transformed into stable 
structures through heat treatment (annealing) at high temperature. 
  
The formation of new strain-free grains (nucleation) and the growth to eliminate the 
deformed or recovered microstructure is known as static recrystallization process 
(primary recrystallization). Secondary recrystallization is the process of abnormal 
grain growth which occurs after complete recrystallization in metals and alloys [42]. 
 
Primary recrystallization is divided in to two regimes namely nucleation and growth. 
Nucleation is the first growing low energy crystallite, which is separated from the 
deformed regions. The nucleation occurs at the pre-existing grain boundaries and/or 
features such as deformation and shear bands, which are formed during deformation. 
Nuclides grow in a preferred orientation until the parent structure is occupied.  The 
rate of growth of new grains (fraction of recrystallization) depends on the mobility of 
grain boundaries (diffusion of atoms) and the stored energy in the grain boundaries 
[42]. Nucleation and growth of recrystallized grain is governed by a number of factors, 
which will be discussed in the following section. 
 
The processing factors and microstructural features such as level of deformation, 
annealing temperature and initial microstructure have a significant effect on the rate 
of recrystallization and the final microstructure of the materials. Laws of 
recrystallization introduced by Mehl, Burke and Turnbull [103] explained the critical 
condition to be satisfied for the initiation of nucleation and growth. The important 
factors which control the rate of recrystallization will be discussed in the subsequent 
section.  
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2.2.3.1. Effect of deformation 
 
It has been proposed that there is a minimum deformation strain that is required to 
initiate recrystallization in metals and alloys [103, 104]. The stored energy of the alloy 
increases with an increase in the deformation strain. As a result, this leads to the 
formation of an effective nuclei for recrystallization and this provides the driving force 
for a controlled growth. The rate of recrystallization increases with an increase in the 
deformation strain, which is largely due to the significant increase in the nucleation 
sites and stored energy (Fig. 2.6) [104].  
 
The mode of deformation also has a significant effect in the rate of recrystallization. 
It has been reported that straight rolling has more recrystallization (due to the presence 
of more deformation features which acts as a nucleation sites for recrystallization) than 
cross rolling process [105-108]. It is also evident that the rate of recrystallization is 
comparatively high in the samples deformed during a tensile test than in alloys 
deformed through wire drawing, compression and rolling followed by annealing. This 
could be attributed to the relatively more deformed features (nucleation sites) in the 
former than latter [109].  
 
Figure 2. 6. Effect of strain on static recrystallization of Al annealed at 350°C 
[104] 
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2.2.3.2. Effect of initial grain size 
 
In general, grain boundaries are the preferred sites for nuclei formation. Fine grained 
materials have more grain boundaries than the coarse grained materials, which acts as 
nucleation sites for recrystallization. Fine grain materials not only have more grain 
boundaries and also results in generation of more internal energy (Hall-Petch work 
hardening behaviour) during deformation, which acts as a driving force for nucleation 
and results in an increase in the rate of recrystallization (Fig. 2.7) [110, 111]. Coarse 
grain materials are prone to deformation inhomogeneity in the materials due to the 
formation of deformation and shear band, which act as nucleation sites for 
recrystallization. However, this effect is low when compared with the fine grain 
materials, where there are more nucleation sites (grain boundaries) and stored energy 
[110].   
 
 
Figure 2. 7. Effect of grain size on static recrystallization [110] 
 
2.2.3.3. Effect of annealing temperature 
 
Annealing temperature has a major effect on the recrystallization kinetics. The rate of 
recrystallization increases with an increase in the annealing temperature (Fig. 2.8a). 
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Considering the rate of recrystallization is constant for isothermal annealing, the rate 
of recrystallization is given by the Arrhenius equation:  
VR = ଵ௧ೣ = A expቀെ
ொ
ோ்ቁ             Equation 2.9 
Where, 
tx - Annealing time at a given recrystallization fraction and it is usually considered as 
time for 50% recrystallization (t50 in s) 
Q – Activation energy of static recrystallization (J/mol) 
R – Gas constant (J/mol K) 
T – Annealing temperature (K) 
The apparent activation energy of static recrystallization is calculated from the slope 
of the plot ln tR vs 1/T (Fig. 2.8b) and the constant ‘A’ is derived from the intercept of 
the plot [112]. Stored energy of the alloy varies with deformation strain and the rate 
of recrystallization is also affected. Hence, the activation energy determined from the 
Equation 2.9 is unlikely to be constant for the varying strain. The activation energy 
found to be varying significantly when a small variation in the deformation strain and 
also the chemistry of the material [113]. 
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Figure 2. 8. a) Effect of annealing temperature on fraction of recrystallization 
Xv b) Arrhenius plot for Fe-3.5%Si with 60% cold deformation [112] 
 
2.2.3.4. Kinetics of static recrystallization 
 
As reported in the previous section annealing temperature has a significant effect on 
the kinetics of recrystallization. The Johnson–Mehl–Avrami–Kolmogorov model is 
commonly known as JMAK model describe the kinetics of recrystallization in terms 
of nucleation and growth [114-116]. The JMAK plot indicates that the fraction of 
recrystallization increases with increase in the annealing temperature (Fig. 2.9). On a 
similar note, for isothermal annealing, the fraction of recrystallization increases with 
increase in the annealing time. 
The well-known JMAK – Avrami equation describe the kinetics of static 
recrystallization: 
Xsrex = 1-exp (-Btn)           Equation 2.10 
t – Holding time (Annealing time) (s) 
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n – Avrami exponent 
B – Constant 
The slope of the JMAK plot gives the value of Avrami exponent (n) (Fig. 2.9). The 
constant value ‘B’ is determined from the intercept of the JMAK plot ln (ln (1/(1-Xsrex) 
vs ln t.  
 
The Avrami exponent is assumed to be 4 for constant nucleation sites and three 
dimensional growth of grains (ideal conditions) [42]. In most of the alloys, the 
nucleation rate is not constant during isothermal annealing process and it decreases 
with an increase in the annealing time due to site saturation. The Avrami exponent is 
governed by the growth of nucleation during annealing. For an ideal condition, the 
grain grows three dimensionally (3D), which indicates that there is no constrain during 
recrystallization [42].  Microstructural features such as second phase particle or non-
homogeneous structure restrict the nucleation to grow in two or one dimension and 
this leads to a heterogeneous recrystallization (Table 2.2).   
 
Table 2. 2. Avrami exponent for constant nucleation rate and site saturation [42] 
Growth dimension Avrami exponent for 
site saturation 
Avrami exponent for 
constant nucleation rate 
3D 3 4 
2D 2 3 
1D 1 2 
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Figure 2. 9. JMAK plot for static recrystallization kinetics of 61% cold rolled 
AZ31 magnesium alloy [117] 
 
2.2.3.5. Mechanism of static recrystallization 
 
The mechanism of recrystallization is important as it determines the orientation and 
grain size of resultant recrystallized materials. Strain Induced grain Boundary 
Migration (SIBM) was proposed as a mechanism of recrystallization for most of the 
metals and alloys (showed schematically in the Fig. 2.10). In general SIBM initiates 
when there is a significant difference in the dislocation density between the grain 
boundaries. Assuming that the grain 2 has a higher stored energy (E2) than the grain 
1 (E1) (Fig. 2.10a), dislocations in the grain 2 are dragged behind the migrating 
boundary due to the difference in the dislocation density (annihilation of dislocation) 
(Fig. 2.10b). As a result, bulging of grain boundary occurs and forms a strain free or 
low dislocation density region behind the migrating boundary (Fig. 2.10c) [42, 118].  
  
SIBM plays an important role on static recrystallization of metals and alloys 
particularly at low strain due to large deference in dislocation density between the 
deformed and un-deformed grains. New grains formed through recrystallization have 
the same crystallographic orientation as that of the deformed grains, which is the main 
characteristic feature of this mechanism [42].  
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Figure 2. 10. Schematic diagram for Strain Induced grain Boundary Migration 
(SIBM) [42] 
 
SIBM originates in high angle grain boundaries (usually pre-existing grain boundary 
due to high energy concentration), which is a prerequisite for recrystallization [42]. It 
has been proposed that recrystallization also nucleates along deformation features, 
such as shear bands, deformation twins, dislocation cells and subgrains [119].  
 
Shear bands evolve in the highly deformed materials and are oriented ~35° to the 
rolling plane [42]. Nucleation of recrystallization along thin shear bands have been 
reported in copper alloys [120] and aluminium alloys [121]. However, the mechanism 
of recrystallization is not clearly understood and the texture of the recrystallized alloy 
is case dependent.  
 
Twinning is an important feature which evolves during cold deformation in the low 
stacking fault energy materials. Twinning plays a major role on the crystallographic 
orientation of the deformed material [122, 123]. Deformation twinning produces high 
angle twin boundaries leading to an increase in the dislocation density, due to 
deformation inhomogeneity. Twins act as a favourable nucleation sites for static 
recrystallization due to a high stored energy (dislocation density) when compared with 
the parent matrix [122-125].  
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2.2.4. Dynamic recrystallization 
 
Hot deformation is a metallurgical process that combines the action of deformation 
and heat treatment effect into a single process. The deformation that occurs at high 
temperature involves the hot working as well as refinement of grains by recovery and 
recrystallization. The recovery and recrystallization which occurs during the 
deformation process is known as dynamic recovery and recrystallization.  
 
Dynamic recovery involves the climb of edge dislocation and cross slip of screw 
dislocation in order to reduce the dislocation density, which is being created during 
the high temperature deformation [42, 43]. In high SFE materials, the recovery is rapid 
since the dislocation climb and cross slip occurs easily. However, in the case of low 
stacking energy materials, such as in the stainless steel, recovery is limited due to the 
difficulties in climb and cross slip [126]. The stored energy is increased as a result of 
deformation strain, which leads to a dynamic recrystallization [42] which could be 
explained using a deformation flow curve.  
 
2.2.4.1. Deformation flow curve 
 
During recrystallization process, the flow stress should decrease in the recently 
recrystallized grains, while the non-recrystallized and previously recrystallized grains 
undergo work hardening [127]. The balance between the rate of recrystallization and 
work hardening results in the net flow curve of the material (Fig. 2.11). Dynamic 
recrystallization is classified by two types, based on the existence of peak stress in the 
flow curve; single peak (Fig. 2.11a) and multiple peak (Fig. 2.11b). The strain at which 
recrystallization starts to nucleate is known as the critical strain (εc). For a single peak 
flow curve, the recrystallization initiates after critical strain and the fraction increases 
with an increase in the strain (Fig. 2.11a). After peak stress, softening rate is increased 
relative to work hardening, which leads to a decrease in the flow stress. The steady 
state occurs (εs) when the rate of work hardening is equal to the recrystallization 
softening (nearly full recrystallization).  
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Multiple peak flow curve occurs for the increased deformation temperature and 
decreased strain rate (Fig. 2.11b). Full recrystallization occurs at a lower strain and the 
next cycle of dynamic recrystallization (no steady state) continuous with an increase 
in the strain. The former single peak flow curve often leads to a grain refinement and 
the multiple peak flow behaviour results in coarsening of grains.  
 
 
Figure 2. 11. Predicted flow curved for dynamic recrystallization a) single peak 
and b) cyclic behaviour [127] 
 
The kind of single peak behaviour is observed in the low SFE materials for a high 
strain rate and low temperature deformation (Fig.2.12 – 710 and 825°C). Deformation 
characterized by the high strain rate and low temperature increases the dislocation 
density due to work hardening. The stored energy increases with dislocation density 
and also increases the possibility of dynamic recrystallization [42, 128]. However, a 
transition from a single peak to multiple peak flow is also evident for the deformation 
with an increase in the temperature (Fig. 2.12 – 870 and 950°C) or decrease in the 
strain rate. Dynamic recovery is a major restoration mechanism in the multiple peak 
flow curve and leads to grain coarsening [128].  
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Figure 2. 12. The effect of temperature on the stress-strain curves for 0.68%C 
steel [128] 
 
Sakai and Jonas [128] reported that the shape of stress strain curve also depends on 
the ratio of the initial (D0) and recrystallized grain size (DR). If the grain size ratio D0/ 
DR >2 then the flow curve will follow a single peak and promotes dynamic 
recrystallization effectively. If D0/DR <2, recrystallization completes in one cycle. It 
again undergoes deformation (second cycle) and recrystallization which follows the 
flow curve as a cyclic peak [128].  This type of behaviour is not preferable for dynamic 
recrystallization, since it leads to grain coarsening. 
 
2.2.4.2. Effect of deformation temperature and strain rate on flow curve 
 
Dynamic recrystallization is a thermally activated process, where the microstructural 
evolution depends on the deformation temperature, strain and strain rate. As reported 
earlier, the deformation temperature and strain rate have a significant effect on the 
deformation flow curve and the resulting microstructure. These two parameters are 
incorporated in a single parameter through a temperature corrected strain rate is known 
as Zener – Hollomon parameter (Z) [42]. 
Z =  expቀ ொோ்ቁ            Equation 2.11 
Chapter 2                                                                                             Literature review 
30 
 
Where, 
 – Strain rate (s-1) 
R – Gas constant (=8.314 J/mol K) 
T – Absolute temperature (K) 
Q – Apparent activation energy (J/mol) 
Sellars and Tegart [129] introduced the Zener – Hollomon parameter (Z) as a function 
hyperbolic sine (sinh) function of flow stress (σ) for estimation of deformation 
activation energy (Q). 
Z = A sinh (ασp)n = expቀ ொோ்ቁ         Equation 2.12 
εሶ  = A sinh (ασp)n expቀെ ୕ୖ୘ቁ                                           Equation 2.13 
A, α, n are constants and independent of temperature. Constant values are derived by 
reconstructing the equation 2.13 
ln εሶ  ∝ n ln [sinh (ασp)] at constant temperature        Equation 2.14 
Constant ‘n’ is determined from the slope of the ln  vs ln [sinh (ασp)] plot. 
ln [sinh (ασp)] ∝ ቀ ୕ୖ୬ቁ 
ଵ
୘  at constant strain rate        Equation 2.15 
Where constant ‘α’ is termed as a stress multiplier and it is expressed by the numerical 
equation as  
α = β/n1            Equation 2.16 
The value of β can be determined from the slope of the plot ln ߝሶ vs σp. The parameter 
n1 is determined from the slope of the plot ln ߝሶ vs ln σp [130]. The stress multiplier (α) 
is determined from the Equation 2.16. The apparent activation energy is determined 
from the slop of the plot 1/T vs ln [sinh (ασ)] [129].  
 
As reported earlier in the Figure 2.12 an increase in the deformation temperature 
transform the flow curve from single peak to multiple peak with an increased strain. 
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From the Equation 2.12, it could be stated that at low Z values (high temperature), 
deformation is more pronounced for multi-peak flow curve and leads to grain 
coarsening. On the other hand at high Z (low temperature) deformation, this leads to 
a single peak flow curve with grain refinement (Section 2.2.4.1) [128]. 
  
2.2.4.3. Critical strain for nucleation of dynamic recrystallization 
 
Deformation strain is considered to be an important parameter for dynamic 
recrystallization. As reported earlier the strain at which the recrystallization starts to 
nucleate is the critical strain (εc) of dynamic recrystallization. In general, the critical 
strain decreases with an increase in the deformation temperature and decrease in the 
strain rate. It means that recrystallization is favourable and starts at a low strain for the 
deformation at higher temperature and/or at a low strain rate. It is a challenging task 
to determine the critical strain from the microstructural investigation, since it requires 
more number of samples to be analysed to determine the nucleation of 
recrystallization. Poliak and Jonas [131] demonstrated the determination of critical 
strain from flow curve analysis (Fig. 2.13). A graph plotted between the flow stress vs 
work hardening rate (Work hardening rate θ = δσ/δε is derived from flow curve) (Fig. 
2.13b). The stress at which deviation in the work hardening (due to softening) occurs 
is the critical stress (σc) for the initiation of dynamic recrystallization (Fig. 2.13b). The 
critical strain (εc) is evaluated by referring back to the flow curve with respect to the 
critical stress (Fig. 2.13a) [131-134].  
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Figure 2. 13. a) Flow curves of 304 stainless steel with different deformation 
temperatures and strain rates b) Work hardening curve showing critical strain 
at different temperatures and strain rates [134] 
 
2.2.4.4. Microstructure evolution during hot deformation 
 
High angle grain boundaries are the preferred site for the nucleation of 
recrystallization due to high energy concentration, which acts as a driving force for 
recrystallization [42]. High angle grain boundaries are the pre-existing grain 
boundaries or the boundaries that were created during the process of dynamic 
recrystallization. Also high angle grain boundaries can be formed during deformation 
such as the deformation bands or twins. In general, new grains starts to nucleate along 
the pre-existing grain boundaries, when the deformation strain exceed the critical 
strain (ε > εc). The formation of a first layer of necklace structure completes when ε ≈ 
εp (peak strain) (Fig. 2.14b) and forms the thick portion of recrystallized grains with 
an increased strain (εp < ε < εs) (Fig. 2.14c). Recrystallization completes at steady state 
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strain consuming the complete initial grain with the recrystallized grains (ε ≈ εs) (Fig. 
2.14e).  
 
The necklace structure is mostly evolved in a dynamic recrystallization of metals and 
alloys, if there is a large difference between the initial grain size (D0) and the 
recrystallized grains (DDRX) [42]. A necklace structure formation occurs due to the 
evolution of recrystallization nucleation along the serrated pre-existing grain 
boundary. In a very small initial grain size material, the microstructural evolution is 
not easy as reported above. In this case serration of grain boundary is difficult (due to 
fine grain) during hot deformation [135]. Hence, the deformation in these materials is 
preferred by grain boundary sliding mechanism [42]. 
 
 
Figure 2. 14. Development of necklace microstructure during dynamic 
recrystallization with the varying deformation strain at high temperature 
deformation [136] 
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2.2.4.5. Mechanism of dynamic recrystallization 
 
Based on the industrial processing conditions, the following dynamic recrystallization 
mechanisms are most accepted: 
 Bulging of grain boundaries 
 Grain boundary sliding 
 Subgrain rotation 
 
i) Bulging of grain boundaries 
Bulging is the commonly accepted mechanism of recrystallization [42, 128, 137-139] 
occurring in the pre-existing grain boundaries as proposed by Bailey [140] and similar 
to the Strain Induced grain Boundary Migration (SIBM) observed during static 
recrystallization (section 2.2.3.3). An interesting feature of this mechanism is that the 
orientation of newly formed grains is the same as the parent grains [42]. Dislocation 
density difference between the grains is the main driving force for the bulging 
mechanism [42]. A minimum strain is necessary (critical dislocation density) for the 
nucleation of dynamic recrystallization [139]. Hence new strain free grains are formed 
in the highly deformed grain. The bulging mechanism evolves the formation of a 
necklace structure by decorating the pre-existing grain boundary. Since nucleation 
requires a high curvature grain boundary, it is difficult to obtain subsequent layer of 
strain free grains [136]. Another mechanism, grain boundary sliding involves the 
formation of new grains for the next layer of the necklace microstructure.   
 
ii) Grain boundary sliding 
As mentioned earlier grain boundary sliding has a significant role in the formation of 
a necklace structure as proposed by T.Sakai et.al [138, 141-144]. Based on this model, 
grain boundary sliding or shearing take place along the pre-existing grain boundary 
during high temperature deformation process. The serration of pre-existing grain 
boundaries occurs due to high dislocation gradient during hot deformation (Fig. 
2.15a). Grain boundary sliding occurs partially on serrated section and develops a local 
strain field along the grain boundaries (Fig. 2.15b). A new grain nuclei forms by the 
bulging of the serrated boundaries, caused by local strain (Fig. 2.15c).  
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Miura et.al proposed that grain boundary sliding increases with strain at a lower strain 
rate [145]. Moreover, it has been reported that the triple junctions are the most 
preferred sites for the nucleation of recrystallization [146]. As sliding is reported to 
form the second layer of recrystallized grains and also forms the consecutive layers of 
a necklace structure during hot deformation [147]. 
 
 
Figure 2. 15. Representation of mechanism of grain boundary sliding for the 
nucleation of DRX [141, 148] 
 
iii) Subgrain rotation 
Other than bulging and grain boundary sliding, subgrain rotation is proposed as a 
nucleation mechanism during hot deformation. This mechanism is found in most of 
the minerals [149] and some of the high stacking fault energy materials, such as Mg 
[150] and Al [144] alloys. A subgrain, which is formed adjacent to a pre-existing grain 
boundary rotates with increasing the strain. This tends to increase the misorientation 
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gradient from the centre of the grains to the edge and leads to the formation of high 
angle grain boundaries (nucleation) [42, 151, 152]. Recovery is more dominant in high 
stacking fault energy materials due to the annihilation of dislocation by the active slip 
system. Bulging mechanism is quite difficult due to the absence of dislocation 
gradient. Therefore, subgrain rotation occurs as a dynamic recrystallization 
mechanism (i.e. in the high stacking fault energy materials) [42]. Although the 
mechanism is not clearly understood, an increase in the misorientation of subgrain and 
leads to HAGB during the process of subgrain rotation. 
 
2.2.4.6. Grain size during dynamic recrystallization 
 
An important phenomena of the hot working process is the control over the grain size 
during dynamic recrystallization.  The processing conditions are designed to achieve 
refined grain size for an improved mechanical properties of the materials. The grain 
size reaches to a steady state at an early stage of deformation and become constant 
with the strain or fraction of recrystallization (Fig. 2.16).  The steady state grain size 
is strongly influenced by the flow stress (σ). The steady state grain size (DR) after 
dynamic recrystallization is given by the following relationship [42, 153]: 
σ = KDR-m            Equation 2.20 
Where K is a material dependent constant. The value of constant ‘m’ is derived from 
the slop of the ln (σ) vs ln DR (0.4 – 1.0 for metals and alloys) [42, 132, 154]. 
Furthermore, a range of 0.7 – 0.8 has been reported [155, 156] for Ni, 0.16 C steel, Cu 
and pure ferritic iron. 
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Figure 2. 16. Relationship between dynamically recrystallized grain size and 
fraction recrystallized in nickel deformed at 880oC [153] 
 
The initial grain size of a material has very little effect on the final recrystallized grain 
size at high strain [153]. However recrystallization is accelerated with a decrease in 
the initial grain size, as there is an increase in nucleation sites [128]. A steady state 
grain size as a function of the Zener – Hollomon parameter (Z) (temperature and strain 
rate) is expressed as: 
DR = BZn2            Equation 2.21 
Where, B and n2 are constants derived from the intercept and slope of the plot ln DR 
as a function of ln Z [154]. The expression specifies that the Zener-Hollomon 
parameter (strain rate and temperature) has a significant effect on the dynamic 
recrystallized grain size, meanwhile the initial grain size has a negligible effect on the 
recrystallization process. 
  
2.2.4.7. Kinetics of dynamic recrystallization 
 
The volume fraction of dynamically recrystallized grains increases with the 
deformation temperature at a given strain rate and strain. Dynamic recrystallization 
starts at the strain > εc (critical strain) and increases progressively with the strain. 
However, the rate of recrystallization decrease with an increase in the strain due to site 
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saturation [42]. The above statement is comprised with the experimentally known 
JMAK equation as given below: 
 
Fraction of dynamic recrystallization XDRX = 1-exp(-ktn)      Equation 2.16 
Rearranging the above equation     lnቀ ଵଵିଡ଼ౚ౨౮ቁ = kt
n        Equation 2.17 
Where, 
k – Grain size dependent constant 
t – Time for recrystallization (εf - εc) 
εf – Strain at given fraction of recrystallization 
n – Avrami exponent (0.7 – 1.6 for steels) [132, 157, 158]  
The slope and the intercept of the plot between ln ቂln ቀ ଵଵିଡ଼ୢ୰୶ቁቃ  and   ln (ε - εc) gives 
the Avrami exponent (n) and k [134, 159]. Constants ‘n’ and ‘k’ are dependent not 
only on the deformation temperature and initial grain size, but also by the nature of 
the nucleation sites (pre-existing grain boundary, deformation features, etc.) and their 
growth rate [159]. The Avrami exponent increases with an increase in the deformation 
temperature and growth rate and a decrease in the grain size. In other words, the 
Avrami exponent increases with an increase in the rate of recrystallization. 
 
2.2.4.8. Post deformation recrystallization 
 
In industrial processing conditions, it is quite difficult to maintain low Z value (high 
temperature and low strain rate) during deformation, in order to obtain a fully 
recrystallized microstructure. In the case of moderate to high Z value (low temperature 
and high strain rate) deformation, materials are in a meta-stable stage as a result of the 
large amount of stored energy created by the accumulation of dislocations (low 
dynamic restoration). However, due to dynamic recovery and recrystallization the 
amount of stored energy would be less, when compared with a cold deformed material. 
The softening mechanisms such as static recovery, static recrystallization and 
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metadynamic recrystallization are proposed to retain a dislocation free structure after 
the hot deformation [42]. Since static recovery and recrystallization are discussed in 
the previous section, only the metadynamic recrystallization behaviour of alloys is 
discussed in this section.   
 
In general, industrial thermo-mechanical processing involves multiple deformation 
stages. The nucleation of recrystallization starts at the initial deformation after 
attaining the critical strain and there is continued growth of the nuclei between 
deformation stages (i.e. during unloading), this is known as meta-dynamic 
recrystallization [160]. After the hot deformation (between deformation), the 
microstructure comprises of nuclei, recrystallized grains and a deformed structure with 
dislocation density. Restoration after the hot deformation process is quite complex due 
to the presence of heterogeneous structure [42, 161]. As a result, the rate of 
recrystallization is lower during unloading time between the passes when compared 
with static recrystallization.  However, softening fraction increases with an increase in 
the unloading (or holding) time (Fig. 2.17). The kinetics and recrystallization structure 
is complex due to the non-homogeneous recrystallization in the heterogeneously 
deformed structure [42, 162]. 
 
Although the meta-dynamic recrystallization is due to the growth of the nucleation 
formed during the dynamic recrystallization, the kinetics follows the characteristic S 
type curve. Therefore, the meta-dynamic recrystallization can be modelled using 
JMAK equation, similar to that of static and dynamic recrystallization. As the strain 
and initial grain size have limited effect on the kinetics of recrystallization, the time 
for 50% (t50) recrystallization can be expressed in the form of following equation [163-
168]:    
t50 = Aεሶ -p exp (QMDRX/RT)          Equation 2.26 
Where, εሶ  is the deformation strain rate (s-1), QMDRX (J/mol K) is the apparent activation 
energy of meta-dynamic recrystallization, R (J/mol) is the gas constant, T is the 
absolute temperature (K), A and p are material dependent constants. It has been 
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reported [42] that the meta-dynamic recrystallization is strongly dependent on the 
strain rate and very little dependence on the deformation temperature. 
 
 
Figure 2. 17. Meta-dynamic recrystallization during unloading time between the 
multi-pass hot working [161] 
 
2.3. Thermal and thermo-mechanical processing of High 
Entropy Alloys 
 
Introducing micro alloying elements to conventional alloys have a significant effect 
on recrystallization. As a result of the interaction between dislocation and solutes 
(solute drag) [169, 170]. Recrystallization temperature and activation energy increases 
significantly with the micro alloy additions when compared with base alloys [171]. As 
discussed earlier HEAs are incorporated with five or more than five elements in equal 
or near equal molar ratio, where all the elements act as a solute atom. As a result of 
complete solid solution (solute effect), a sluggish diffusion was proposed in HEAs 
[67, 172]. The sluggish diffusion in HEAs [172] has more control on the phase stability 
and can affect their thermo-mechanical behaviour. However few studies such as heat 
treatment, cold deformation followed by annealing and hot deformation were 
attempted to improve the mechanical properties of HEAs.  
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2.3.1. Effect of aging and annealing  
  
Few studies have been carried out on HEAs with annealing and aging heat treatment. 
Improved tensile properties have been reported [4] after aging as-cast Al0.3CoCrFeNi 
FCC HEA. Improved strength was evident for the alloy annealed at 700 and 900°C 
when compared with as-cast alloy. However the ductility was reduced significantly 
due to the evolution of Al-Ni rich B2 phase (Fig. 2.18). In the case of CoCrFeNiMo0.85 
FCC HEA hardness was increased significantly at 700°C, which is mainly attributed 
by the evolution of ‘σ’ phase (Mo-Cr rich) precipitates in the FCC matrix [173]. 
Annealing (at 700 oC) the Al0.5CoCrCuFeNi FCC HEA also evolved the intermetallic 
phase the same as in the Al0.3CoCrFeNi and CoCrFeNiMo0.85 HEAs [87]. C. W. Tsai 
et.al, also showed the formation of σ phase and intermetallic phases while heat treating 
the Al0.5CoCrCuFeNi HEA between 300-850oC (Fig. 2.19) [44]. However annealing 
the alloy above 1100oC formed only FCC phase [43, 50, 87] which indicates that 
annealing at high temperature avoids the formation of intermetallic phases due to 
solutionizing. The significant increase in the strength could be attributed to the 
formation of BCC precipitates and Cu-rich precipitates at a temperature range 300oC 
to 600oC [50]. A similar behaviour was observed in the Al0.3CoCrFeNi HEA due to 
the embrittlement (BCC and Cu-rich precipitates formation) [4].  
 
 
 
Figure 2. 18. Effect of aging on tensile property of Al0.3CoCrFeNi HEA [4] 
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Figure 2. 19. Evolution of phases with different temperature for 
Al0.5CoCrCuFeNi HEA [44] 
 
A heat treatment on duplex HEAs showed a different behaviour when compared with 
FCC HEAs [99, 100, 174]. Aging in the as-cast AlCoCrCuFeNi duplex HEA at 
elevated temperatures (> 645°C) indicated the formation of a significant amount of 
FCC from BCC matrix due to the phase separation from the meta-stable dendritic BCC 
phase. Aging the AlCoCrCuFeNi HEA below 645°C displayed poor plasticity due to 
irregular dendritic morphology when compared with the as-cast alloy (Fig. 2.20). 
However, an improved elongation (27%) was evident for AlCoCrCuFeNi and 
AlCoCuFeNi HEA after annealing at 1000°C (> 700°C) was due to the formation of 
FCC phase [99, 174]. The improved plasticity and slight decrease in the strength was 
believed to be due to the evolution of FCC (low strength) phase in the BCC matrix 
[99, 100, 174]. 
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Figure 2. 20. Effect of aging on compressive property of AlCoCrCuFeNi HEA 
at different temperature [99] 
 
It has been proposed [175] that refining the grain can contribute to grain boundary 
strengthening (Hall-Petch relation) without losing or improving the plasticity of the 
materials. As reported earlier, thermo-mechanical process such as cold rolling 
followed by annealing or hot deformation process was proposed for refining the grains 
[42]. It has been suggested that recrystallization could be quite difficult in HEAs due 
to the slow diffusion behaviour. The evolution of static and dynamic recrystallization 
are reported in the following sections.    
 
2.3.2. Static recrystallization  
 
Recrystallization temperature was reportedly higher (> 0.6 Tm, Tm is melting 
temperature) for HEAs than the conventional materials such as carbon steels and 
stainless steel (0.5Tm) [36, 46, 48, 176]. Only partial recrystallization has been 
reported for the CoCrFeMnNi FCC HEA at 700°C for 60% reduction in thickness 
(cold deformation) [48]. However full recrystallization has been achieved for the 
temperature above 700°C and for the cold deformation greater than 85% (Fig. 2.21) 
[36, 48, 176]. Microstructural features from the as-cast alloy to cold rolled and 
annealed alloys showed a tremendous effect on static recrystallization [46]. Sluggish 
diffusion was proposed as cause for a slow recrystallization behaviour in the 
CoCrFeMnNi alloy [36, 48, 176]. Similar slow recrystallization behaviour was also 
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observed in the Al0.5CoCrCuFeNi FCC HEA (80% cold rolling and annealing at 900°C 
for 5 hours) [50]. Tensile testing on the cold rolled Al0.5CoCrCuFeNi HEA exhibited 
high strength and low elongation at room temperature due to the work-hardening effect 
(Fig. 2.22a). However, the annealed alloy (900°C) displayed an improved elongation 
(at room temperature), which could be due to the static recrystallization effect (Fig 
2.22b). However, the elongation was reduced while the deformation at the temperature 
between 300 – 700°C was believed to be due to the evolution ‘σ’ or intermetallic 
phases, which is the same as reported in the aging behaviour of CoCrFeNiMo0.85 HEA 
(Fig. 2.22b) [173].   
 
 
Figure 2. 21. Cold rolled (87%) and annealed CoCrFeMnNi FCC HEA for 1 hr 
at a) 800°C b) 1000°C c) 1150°C [176] 
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Figure 2. 22. a) Hardness, strength and elongation as a function of temperature 
for 80% cold rolled Al0.5CoCrCuFeNi HEA b) Hardness, strength and 
elongation as a function of temperature for 80% cold rolled and annealed 
(900°C) Al0.5CoCrCuFeNi HEA [50] 
  
Grain growth is revealed in CoCrFeMnNi FCC HEA for the annealing temperature 
above 800°C after full recrystallization (Fig. 2.23). Grain size was increased from 3.9 
μm (850°C for 1 hr) to 26.2 μm (950°C for 4 hrs). The grain growth kinetics has been 
studied [45] and it is in alliance with the classical power law equation with the 
exponent value of 3: 
Classical power law equation Dn – D0n = Ct        Equation 2.27 
Where, D and D0 are instantaneous and initial grain size (μm), n is the grain growth 
exponent, t is annealing time (s) and C is the grain growth kinetic constant which 
depends on temperature and time. 
 
Grain growth kinetics of equiatomic CoCrFeNi FCC alloy has been studied by Wu, Z 
et al.,[46] also showed the slow grain growth kinetics with exponent value n ≈ 4 [46]. 
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The reported grain growth exponent was higher than the conventional alloys (n ≈ 2). 
It has been suggested that the solute drag mechanism (due to more solute atoms) 
controls the grain boundary migration, which has resulted in a slow grain growth [36, 
45, 46].  
 
There is no study reported the static recrystallization behaviour of AlxCoCrFeNi HEA 
system. Although partial and full recrystallization and grain growth has been reported 
for few HEAs (Table. 2.3), there is no such systematic study for the nucleation, 
kinetics and activation energy of static recrystallization at different deformation strain 
and annealing temperature. This needs a better understanding of the optimum 
processing conditions for the static recrystallization to obtain a full recrystallized 
equiaxed structure in AlxCoCrFeNi HEA system. 
 
 
Figure 2. 23. Microstructure of cold rolled (70%) and annealed (grain growth) 
CoCrFeMnNi FCC HEA for A) 1 hr (3.9 μm) B) 2hrs (8.4 μm) C) 6 hrs (12.1 
μm) at 850°C, D) 1 hr (16.5 μm) E) 2 hrs (22.4 μm) F) 3.5 (26.2 μm) hrs at 950°C 
[45] 
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Table 2. 3. Comprehensive summary of static recrystallization behaviour of HEAs 
Alloy system Microstructure SRX Grain growth Notes 
Mechanical 
properties Ref 
Al0.5CoCrCuFeNi FCC + Cu rich FCC 
50%D, 
A900°C 
50 hrs 
 
Low recrystallization rate due to 
sluggish diffusion and low vacancy 
concentration 
H = 270 Hv [43] 
Al0.5CoCrCuFeNi FCC + Cu rich FCC 
80%D,A
900°C 
for 5 hrs 
 Embrittlement between 300-600°C 
due to evolution of BCC phase 
H = 250 Hv,      
UTS = 800 MPa,  
e = 30% 
[50] 
CoCrFeMnNi FCC 
60%D,   
A600-
1000°C 
for 1 hr 
 
Deformed by swaging.  
Full recrystallization at 800°C for 1 
hr 
H = 160 Hv [48] 
CoCrFeMnNi FCC 
90%D,  
A650-
1000°C 
for 1 hr 
 
Full recrystallization at 700°C for 1 
hr. Slow grain growth is attributed 
by solid solution, sluggish diffusion 
and low SFE 
 [36] 
HfNbTaTiZr BCC 
86%D,  
A800-
1200°C 
for 2hrs 
 Full recrystallization at 1000°C for 
2 hrs 
H = 351 Hv,     
UTS=1150 MPa,  
e = 9.7% 
[177] 
CoCrFeNi FCC  
92%D,      
A300 - 
1100°C 
Full recrystallization at 700°C for 1 
hr.  
Grain growth exponent = 4.      
Slow grain growth is proposed due 
to solute drag effect 
H = 210 Hv [46] 
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Alloy system Microstructure SRX Grain growth Notes 
Mechanical 
properties Ref 
CoCrFeMnNi FCC  
70%D,      
A850-
950°C 
Full recrystallization at 850°C 
Grain growth exponent = 3,  
Q  =321.7 kJ/mol 
H = 158 Hv [45] 
CoCrFeMnNi FCC  
21-
96%D 
A800-
1150°C 
Full recrystallization at 850°C 
Grain growth exponent = 3,  
Q  =325 kJ/mol 
H = 158 Hv [52] 
 
D – Deformation, A – Annealing temperature, H – Vickers hardness, UTS – Ultimate tensile strength, e – strain, Q – Activation energy
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2.3.3. Dynamic recrystallization 
 
The phase diagram developed from the DTA analysis for AlxCrCuNiFeCo HEA (Fig 
2.24) displays the melting temperature and phase transformation temperature. The 
range of temperature for both static and dynamic recrystallization for the 
AlxCrCuNiFeCo HEA system can be predicted from the phase diagram [61]. Choosing 
a suitable working temperature can avoid the formation of intermetallic and other 
complex microstructures as reported in the aging of the alloys. The phase diagram is 
also used for the selection of a nominal composition and temperature range for high 
temperature deformation to obtain improved properties. The phase diagram developed 
with computational thermodynamics for AlxCoCrFeNi HEA system [178], shown in 
Fig. 2.25, has been modified to indicate the appropriate working temperature for 
thermo-mechanical processing. 
 
 
Figure 2. 24. Phase diagram for AlxCrCoCuFeNi [61] (suitable hot working 
temperature range is indicated in green shaded area) 
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Figure 2. 25. Phase diagram for AlxCrCoFeNi [178] (suitable hot working 
temperature range is indicated in green shaded area) 
 
C.W. Tsai et.al., [43] reported that the annihilation of dislocations (mechanism of 
restoration) is quite difficult in HEAs during hot working when compared with 
conventional alloys. Solid solution strengthening and formation of Cu-rich (in 
AlxCrCuNiFeCo HEA) precipitates (due to positive enthalpies of mixing between 
mixing elements) hinders the slip or cross slip of dislocations. Low stacking fault 
energy (in FCC HEAs) increase the space between partial dislocations due to Suzuki’s 
interaction in the matrix, which makes cross slip difficult. A low equilibrium vacancy 
concentration in HEA reduces the movement of the dislocation climb. Hence, solid 
solution strengthening, low stacking fault energy and low equilibrium vacancy effect 
the recovery in HEA systems [43].  
 
Dynamic recrystallization is also affected by low twin boundary energy [43] and 
sluggish diffusion (in Al0.5CoCrCuFeNi FCC HEA) [44]. It has been proposed that 
HEA require higher deformation temperature (> 0.7 Tm) than the conventional alloys 
for dynamic recrystallization [43, 98]. Even though the restoration could be affected 
by the above reasons, few researchers have reported the evolution of dynamic 
recrystallization in HEAs during or resulting from hot working. 
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High temperature axisymmetric compression test has been performed in 
Al0.5CoCrCuFeNi FCC HEA at 300-1200°C for a higher strain rate of 10 s-1(Fig. 
2.26a) [179]. Flow curves revealed a significant amount of work-hardening up to 
1100°C. A steady state curve at 1200°C exhibited a typical dynamic recovery process. 
In the case of lower strain rate (0.001 s-1) work hardening has been reported up to 
700°C (Fig. 2.26b).  However, rapid reduction in the strength for the temperatures 
above 900°C could be due to dynamic recovery and recrystallization [179] (Fig. 2.26).  
 
  
Figure 2. 26. Compressive test for Al0.5CoCrCuFeNi at different temperature 
and strain rate a) 10/sec b) 10-3/sec [179] 
 
N.D. Stepanov et.al, [40] reported work-hardening behaviour in the MnCoCrFeNi 
FCC HEA during deformation up to 700ºC (Fig. 2.27a). The work hardening 
behaviour even at high temperature is the same as reported in the Al0.5CoCrFeNi HEA 
[179]. However, the flow curve showed typical dynamic recrystallization for the 
temperatures ≥ 800°C (Fig.  2.27a) and confirmed by a microstructural study (Fig.  
2.27b). Full (near complete) recrystallization was observed at 1000 and 1100°C (εሶ  = 
10-3 s-1 and ε = 1.4) (Fig. 2.28).  
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Figure 2. 27. Hot deformation behaviour of CoCrFeMnNi HEA (ࢿሶ  = 10-3 s-1) b) 
deformed sample at 800°C for 1.4 strain [40] 
 
 
Figure 2. 28. Fraction of dynamic recrystallization as a function of deformation 
temperature (Strain = 0.001 s-1 and strain = 1.4) [40] 
 
A. Gali and E. P. George [66] studied the microstructural evolution of CrMnNiFeCo 
FCC HEA by multi-pass hot rolling at 1000°C, followed by subsequent annealing for 
15 minutes at each pass. The evolution of a refined microstructure (~32 μm) after the 
hot rolling and annealing could be due to the effect of dynamic and post dynamic 
recrystallization (Fig. 2.29b). Annealing twins were formed during the multi pass hot 
rolling in the CrMnNiFeCo FCC HEA. This confirms that these HEA is in the category 
of low stacking fault energy materials, similar to that of brass and austenitic stainless 
steel. 
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Figure 2. 29. Microstructure of the CrMnNiFeCo HEA a) as-cast and 
homogenized b) Multi-pass hot rolled samples at 1000°C [66] 
 
A.V. Kuznetsov et.al, [98] reported the work hardening behaviour during forging 
(40% reduction in thickness) at 900oC on AlCrCuNiFeCo duplex (FCC+BCC) HEA. 
Dynamic restoration was quite slow in AlCrCuNiFeCo HEA, which was not exhibited 
in conventional alloys such as in stainless steel [180]. However, annealing after hot 
deformation reduced the hardness in the hot forged AlCrCuNiFeCo HEA, [98]. Multi-
step hot forging at 950°C in the AlCoCrCuFeNi HEA also showed a significant 
amount of dynamic recrystallization (Fig. 2.30b) [98]. This indicates that the post 
dynamic recrystallization had a significant effect on properties of AlCoCrCuFeNi 
HEA. 
 
Refined grains were obtained with the evolution of new FCC phase (phase 
transformation) in the BCC matrix during hot deformation in AlCrCuNiFeCo HEA [39, 
98]. Since phase transformation occurred during hot deformation, it is quite difficult 
to analyse the kinetics and activation energy of dynamic recrystallization from the 
flow curve analysis. Hence, the derived activation energy for AlCrCuNiFeCo [39] and 
CoCuFeNiTi [181] HEAs from the flow curve is not purely on the dynamic 
recrystallization process. However, hot forging resulted in improved ductility in the 
AlCoCrCuFeNi HEA and also showed a super plastic behaviour at high temperature 
when compared with as-cast AlCoCrCuFeNi HEA. Tensile testing with strain rate 10-
3 s-1 on hot forged sample displayed an elongation of 1% at room temperature, which 
was substantially higher than the as-cast alloy (0.2%). An improved tensile properties 
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in the hot forged HEAs could be due to the refined grain size and the evolution of new 
FCC phase during hot forging [98]. 
 
Figure 2. 30. Microstructure of the AlCrCuNiFeCo HEA (a) as-cast and (b) hot 
forged at 950°C [98] 
 
Dynamic recrystallization in MoNbHfZrTi single phase BCC HEA had been reported 
by N.N. Guo [51]. Only work hardening exhibited during deformation at 800°C which 
is similar behaviour observed in single phase FCC and duplex FCC/BCC HEAs. 
However, flow stress decreased during deformation >800°C was due to dynamic 
recrystallization. DDRX was the primary recrystallization mechanism which occurred 
during hot deformation which is quite different from the other high SFE materials 
(CDRX).
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Table 2. 4. Comprehensive summary of dynamic recrystallization behaviour of HEAs 
Alloy system Microstructure DRX Notes Mechanical properties Ref 
Al0.5CoCrCuFeNi FCC + Cu rich FCC 
Forged at 
900°C  
reduction = 
40% 
Work hardening and low dynamic recovery due 
to large solution strengthening and low SFE.   
Only partial recrystallization was obtained 
H = 350 Hv [43] 
CoCrFeMnNi FCC 
Compression 
at 900-1100°C, 
strain rate = 
10-4–10-2  s-1 
Optimum condition for full recrystallization  
Deformation temperature = 1000°C                        
Strain rate =0.001 s-1 & ε=1.4. 
Q = 291 kJ/mol 
 [40] 
AlCrCuNiFeCo FCC+BCC 
Compression 
at 700-1030°C,   
strain rate = 
0.1 – 0.001 s-1 
Optimum hot working condition without fracture  
Deformation temperature = 800-1000°C.                
Strain rate = 0.001 s-1                
Q = 306 kJ/mol 
 [39] 
CoCuFeNiTi 
BCC+FCC+ 
Eutectic 
(FCC+Ti2(Ni,C
o)) 
Compression 
at 800-1000°C    
strain rate = 
0.001 – 0.1 s-1 
Optimum processing conditions are  
Deformation temperature = 930-990°C.                  
Strain rate =0.001 - 0.1 s-1   
Q = 316 kJ/mol 
 [181] 
MoNbHfZrTi BCC 
Compression 
at 800-1200°C,   
strain rate = 
0.001-0.1 s-1 
Work hardening at 800°C with strain rate 0.1 and 
0.01 s-1.   
Optimum processing conditions for dynamic 
recrystallization are  
Deformation temperature = 900-1200°C strain 
rate = 0.1 - 0.001 s-1.  
Discontinuous dynamic recrystallization is the 
primary mechanism of restoration 
 [51] 
D – Deformation, A – Annealing temperature, H – Vickers hardness, UTS – Ultimate tensile strength, e – strain, Q – Activation energy
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The dynamic recrystallization was proposed to be very slow in HEAs when compared 
with conventional alloy systems. The deformation temperature for dynamic 
recrystallization was higher than the 0.5Tm (Recrystallization temperature for 
convention alloys) to obtain full recrystallization in HEAs. Sluggish diffusion was 
suggested for the retardation of restoration and the increased recrystallization 
temperature in HEAs [40, 45, 172, 182].  
 
The diffusion coefficient of Cr in Fe (FCC) has a very high value [183] (Fig. 2.31). 
However, a significant reduction in the diffusion coefficient was observed in Fe-Cr-
Ni alloy [184]. The diffusion coefficient is very less in CoCrFeMnNi HEA [172] when 
compared with some elements such as Co, Ni [185] and alloys (Fe-xCr-yNi) [184]. It 
is a well-known phenomena that the configurational entropy increases with an increase 
in the number of elements [1]. From the diffusion coefficient, it has been proposed 
that the increased entropy significantly affect the diffusion behaviour of HEAs [172].  
  
           
Figure 2. 31. Diffusion coefficient of Co, Cr, Fe, Mn and Ni in some elements 
and alloys with increasing configuration entropy [172, 183-189] 
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2.4. Summary 
 
High Entropy Alloys are promising material for many engineering applications, which 
need superior hardness, strength, high temperature stability and good corrosion 
resistance. Many studies have been focused to improve the mechanical properties of 
HEAs. However, there are only few attempts have been made on the aspects of cold 
deformation and annealing on MnCoCrFeNi [36, 45, 48], Al0.5CoCrFeNi [43, 50] and 
HfNbTaTiZr HEAs [177] to improve the mechanical properties. Few studies reported 
the grain growth behaviour of HEAs. However, there is no report on nucleation, 
kinetics and activation energy of static recrystallization. Few studies were also 
performed to determine the high temperature deformation behaviour of HEAs [39, 40, 
43, 51, 181]. However, no systematic study had been performed to determine the 
kinetics, activation energy and mechanism of dynamic recrystallization. From the 
literature, it is evident that refining the grains through recrystallization is a prominent 
route to make the alloys with improved strength and plasticity. As reported earlier, a 
number of parameters have an effect on the recrystallization behaviour of conventional 
alloy systems. Therefore, these parameters need to be thoroughly analysed on HEA to 
obtain the improved properties. 
 
An increase in the Al content in the AlxCoCrFeNi HEA system changes the FCC phase 
to BCC. Also, the strength increases with a significant decrease in the ductility with 
the addition of Al due to lattice distortion effect. The literature has shown that the FCC 
single phase high entropy alloys have a low stacking fault energy such as TWIP steel, 
austenitic stainless steel and brass. Deformation in these alloys were predicted to be 
by the formation mechanical twinning. In general, the phenomenon of static and 
dynamic recovery is less pronounced in case of low stacking fault energy materials. 
Furthermore, recrystallization starts to occur before significant recovery due to the 
presence of stored energy which is evolved during deformation acts as driving force 
for recrystallization.  
 
Chapter 2   Literature review  
 
58 
 
 
 
The BCC phase alloys typically deform via a slip mechanism and it may be expected 
that BCC HEAs will also deform by slip [190]. Since, BCC alloys have a number of 
active slip systems, this normally leads to a higher recovery rate during annealing and 
hot deformation process. The higher recovery reduces the driving force and may retard 
the recrystallization.  
 
It has been proposed that the sluggish diffusion was due to the formation of complete 
solid solution and the low vacancy concentration retards the nucleation of 
recrystallization in the FCC HEA. The lattice distortion in the BCC structured HEA 
resulted brittle in nature and limiting their deformation. Less deformation (low stored 
energy) could affect the initiation of static recrystallization, whereas sluggish diffusion 
and a higher recovery rate may also affect the dynamic recrystallization in the BCC 
HEA.  
 
Although there are some studies on static and dynamic recrystallization behaviour of 
HEAs, the most important issues which are not studied are: 
 
 There is no knowledge on the critical parameters required for static 
recrystallization and only limited studies were performed on dynamic 
recrystallization.  
 There are few evidences of slow grain growth kinetics in HEAs, however no 
study reported on the kinetics and activation energy of static recrystallization  
 Aluminium plays a major role on AlxCoCrFeNi HEA which transforms their 
metallurgical and mechanical properties. However there is no knowledge on 
the effect Al on dynamic recrystallization behaviour. 
 The main objective of this study is to improve the mechanical properties of 
HEAs to be used in structural applications. However, grain growth and 
dynamic recrystallization had been studied for few alloys, no systematic study 
reported the effect of grain growth, precipitates and dynamic recrystallization 
on mechanical properties of HEAs.   
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To address these gaps in knowledge, the present work is focused to study the static 
and dynamic recrystallization behaviour Al0.3CoCrFeNi, Al0.6CoCrFeNi and 
Al0.9CoCrFeNi HEAs. 
 
This work will address the following question to resolve the above stated unknown 
issues; 
 
What is the relationship between the processing conditions and the evolution of 
microstructure on the static and dynamic recrystallization behaviour of 
AlxCoCrFeNi HEA?  
 
The objectives of the current study are: 
Cold rolling and annealing was performed on Al0.3CoCrFeNi FCC HEA; 
 To determine and understand the critical processing conditions such as 
deformation percentage, annealing temperature and time for the nucleation of 
static recrystallization of as-cast Al0.3CoCrFeNi FCC HEA 
 To investigate the JMAK and Arrhenius equations for static recrystallization of the 
as-cast Al0.3CoCrFeNi FCC HEA. Processing parameters for fully recrystallized 
microstructure derived from the JMAK plot. The relationship between processing 
parameters and the rate of recrystallization derived from the Arrhenius equation.  
 To determine the mechanism of recrystallization, a detailed microstructural study 
was performed on cold rolled and annealed Al0.3CoCrFeNi FCC HEA. 
 The effect of homogenization on static recrystallization behaviour was studied to 
achieve fully recrystallized structure to improve the mechanical properties of 
Al0.3CoCrFeNi FCC HEA. 
 Grain growth behaviour was studied on 70% deformed Al0.3CoCrFeNi 
(homogenized) FCC HEA to determine the grain growth exponent and activation 
energy of grain growth.  
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Hot deformation was performed on AlxCoCrFeNi (x = 0.3, 0.6 and 0.9) HEA system 
at different deformation conditions; 
 To determine and understand the critical processing conditions such as 
deformation temperature, strain rate and strain for the initiation of dynamic 
recrystallization. Kinetics and activation energy of dynamic recrystallization was 
derived from the detailed flow curve and microstructural investigation. 
 The effect of FCC and BCC phase (Al0.3 - FCC, Al0.6 and Al0.9 – FCC/BCC) on the 
dynamic recrystallization behaviour of AlxCoCrFeNi HEA system was studied and 
the mechanism of recrystallization was derived from the microstructural 
investigation. 
 The effect of aluminium on dynamic recrystallization behaviour of Al0.3CoCrFeNi 
FCC HEA was studied by comparing with the hot deformation behaviour of 
CoCrFeNi and CoCrFeMnNi (FCC) alloys. 
 Dynamic recrystallization was performed on equiaxed 304SS and columnar 304SS 
to determine the effect of grain size and grain morphology on dynamic 
recrystallization behaviour. These results were correlated with the dynamic 
recrystallization behaviour of Al0.3CoCrFeNi FCC HEA to determine the effect of 
columnar grain structure. 
 
Mechanical properties study on cold rolled followed by annealed and hot deformed 
AlxCoCrFeNi HEA system were performed at room temperature; 
 Tensile test and hardness test were performed on the different grain sized alloy 
which was obtained from the static recrystallization study. The effect of grain 
boundary strengthening investigated on the mechanical properties of static 
recrystallized Al0.3CoCrFeNi FCC HEA.  
 Dynamic recrystallization parameters were derived from the hot deformation study 
and hot rolling was performed on AlxCoCrFeNi HEA system to achieve the refined 
microstructure.   
 Tensile test also performed on hot rolled AlxCoCrFeNi HEA system to determine 
the effect of dynamic recrystallization. 
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3. Experimental method 
 
3.1. Introduction 
 
A detailed description of the materials, melting and casting of materials, cold 
deformation and annealing process, high temperature Plane Strain Compression (PSC) 
testing, phase evaluation and microstructural evaluation techniques will be discussed 
in this chapter. Pure metals were used and their molar ratio are discussed in the first 
section of this chapter. The vacuum arc melting method will be described in detail 
which was used for melting and casting. An overview of cold rolling, annealing and 
servo test for hot deformation is discussed. Phase and microstructural evaluation 
techniques such as X-Ray Diffraction (XRD) and Scanning Electron Microscopy 
(SEM) are described in this chapter.  
 
3.2. Materials - High Entropy Alloys 
 
The AlxCoCrFeNi HEA system was chosen for our study. Single phase FCC, BCC 
and one duplex (FCC+BCC) high entropy alloys were selected with three different 
chemical composition with varying Al contents: 
i)   Al0.3CoCrFeNi – Single phase FCC 
ii)  Al0.6CoCrFeNi – Duplex phase FCC+BCC 
iii) Al0.9CoCrFeNi – Single phase BCC 
Spectroscope analysis (Leco glow discharge optical emission spectroscope) was 
carried out to determine the chemical composition of the alloys. 
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3.3. Casting and homogenization treatment 
 
Melting and casting was carried out in an arc melting furnace – Arcaster 50 (Fig. 3.1). 
Arcaster 50 consists of vacuum chamber and water cooled Cu mould (Fig. 3.2). The 
mould has a capacity to melt nominal 50g of materials and it consists of thoriated 
tungsten electrode for arc melting. 
  
Purity of raw materials have been chosen above 99.9% and approximately 40 grams 
of materials were melted in a water cooled Cu mould. Raw materials used for melting 
were in the form of flakes (Fe) and pellets (Co, Cr, Fe, Ni). Initially vacuum was 
created in the melting chamber at ≤ 30 mtorr, followed by back purging argon gas to 
pressure of 10-0 inHg. Cooling water was maintained ~15°C and melting was 
performed at pure argon atmosphere.  Ti was melted prior to the HEA to remove any 
oxygen present in the melting chamber. Material was inverted and remelted for at least 
5 times to achieve a homogenized composition throughout the ingot. The dimension 
of the ingot produced through arc melting is 45x35x8 (Length x Width x Thickness). 
At least 10 ingots were produced for each alloys, however no significant changes 
observed between alloys on the aspect of chemical composition and microstructure. 
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Figure 3. 1. Arc melting furnace – Arcaster 50 setup 
 
Figure 3. 2. A schematic representation of arc melting process 
 
3.4. Cold rolling and annealing 
  
The as-cast HEAs were subjected to homogenization heat treatment. Homogenization 
temperature of 1100°C for 24 hrs was selected to avoid the phase transformation and 
the formation of inter-metallic phases during annealing at below 1100°C. 
Homogenization was carried out in a muffle furnace under argon gas atmosphere and 
the samples were water quenched at the end of the process. Room temperature rolling 
was performed in the laboratory scale small rolling mill - Carl Wezel – Two High 
Laboratory Rolling Mill, Type BW 250/200 (Fig. 3.3). It is having a roll diameter of 
200mm and a maximum rolling force of 50 kN can be achieved with constant rolling 
speed (0.15 m/s). Al0.3CoCrFeNi HEA was cold rolled by multi pass rolling for 30, 50 
and 70% reduction in thickness (true strain are 0.35, 0.7 and 1.2) with 5% true strain 
reduction at each pass. Rolling was carried out in the same direction at each pass. 
Synthetic oil based lubricant was used during cold rolling. Rolling was attempted on 
Al0.6CoCrFeNi and Al0.9CoCrFeNi HEAs. Both HEAs cracked due to the brittle in 
nature of the alloys, with a maximum reduction of 30% and < 1%, respectively.  
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Figure 3. 3. The laboratory scale small rolling mill 
 
Cold deformed HEAs were subjected to annealing at high temperature to study the 
evolution of static recrystallization. Annealing was performed using laboratory scale 
fluidized bed furnace (Fig. 3.4) under N2 atmosphere. Fluidized bed furnace was used 
to get the homogenized heat distribution in the recrystallization sample during 
annealing process. To determine the kinetics (Avrami exponent - section 2.2.3.4) and 
activation energy (Arrhenius equation - section 2.2.3.3) of static recrystallization, 
annealing was performed on HEAs with different temperature and time (Table. 5.1). 
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Figure 3. 4. The laboratory scale fluidized bed furnace 
 
3.5. High temperature deformation 
 
The hot deformation PSC compression tests were performed in a high strain rate 
Servotest thermo-mechanical system (Fig. 3.5). Servotest is capable of performing 
high strain rate cold deformation and hot deformation with two deformation modes; 
axisymmetric compression (ASC) and Plane Strain Compression (PSC) test. The 
Servotest machine consists of hydraulic system for compression test with maximum 
force of 500 kN and is able to attain a high strain rate ~100 s-1.  
 
The Servotest machine has a fully programmable induction furnace for pre-heating the 
sample which can achieve a maximum temperature of 1200°C.  It consists of cooling 
system with air, water and mist for cooling the samples to room temperature. It has a 
robotic arm to transfer the testing samples inside the induction furnace unit (Fast 
Thermal Transfer Unit - FTTU) and the deformation unit. The deformation unit has a 
separate furnace to heat the tools for maintaining the deformation temperature. PSC 
test was selected for the current work to simulate the industrial rolling process.  
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The PSC test is the best deformation method that simulates the industrial rolling 
process [191, 192]. The PSC tool is made from D2 tool steel for low temperature 
(500°C ≤ T) deformation and sialon ceramics for high temperature (T < 1100) 
deformation process. PSC tools are designed with platen width of 15mm (w = 15mm). 
Tooling alignment is the important process of the PSC test. Improper tooling 
alignment can lead to sample shearing during the hot deformation.  
 
The geometry of the test specimen for the PSC test with tolerances are given in Table 
3.1 [192]. The size of the plane strain compression test piece is a compromise between 
the area of interest for the microstructural study and to obtain the uniform temperature 
distribution. The ratio of the specimen size had been reported by National Physical 
Laboratory for satisfying the above conditions (Table. 3.1 ) [192]. The specimen with 
35x30x5 mm3 (l0 x w0 x h0) was used for the present hot deformation study (Fig. 3.6). 
Test specimens were polished and a thermocouple hole was made in the specimen to 
monitor the temperature throughout the deformation process. Rolling direction (RD) 
is the parallel to the length of the sample which is the extension direction (ED) during 
PSC test. Normal direction is the compression direction of the PSC tool which is along 
the thickness of the sample. Transvers direction (TD) is the parallel to the width of the 
sample and perpendicular to the rolling direction (RD). In ideal PSC test, material 
spread along the TD is constrained and the material spread along the RD only (the 
material spread along only one direction is plane strain). Hexagonal boron nitride was 
used as a lubricant, to reduce the friction and aide homogeneous deformation 
throughout the thickness of the PSC sample. 
 
Samples were heated to the required deformation temperature in the FTTU (Fast 
Thermal Transfer Unit – Induction furnace) and transferred to the deformation unit 
which was pre-heated to the sample temperature (Fig. 3.5). Water quench was used 
immediately after deformation to study the dynamic recrystallization. The maximum 
temperature able to be attained in Servotest is 1030°C. At least three temperatures and 
strain rates are necessary to investigate the activation energy of hot deformation. 
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Hence, PSC tests were performed on the HEAs at 930, 980 and 1030°C with different 
strain rate and strain (Table. 6.1). 
 
True stress – strain curves were plotted after correcting the friction (between the tools 
and specimen) and the lateral spread along the transverse direction as given in the 
“Measurement Good Practice Guide No 27 – Measuring Flow Stress in Hot Plane 
Strain Compression Tests” by National Physical Laboratories [192]. Since boron 
nitride was used as a lubricant, friction coefficient of 0.1 was used to calculate the 
flow stress. The following procedure was followed to determine the equivalent stress 
and strain from the load and displacement data obtained from the Servotest; 
 
Average pressure (p) is calculated from the following equation, 
p = F/wb         Equation 3.1 
F – Force excreted by Servotest ram 
w – Width of the tool 
b – Width of the specimen 
Friction condition is calculated from the z0 
z0 = ቀ ୦ଶஜቁ ln ቀ
ଵ
ଶஜቁ        Equation 3.2 
Where μ is coefficient of friction (0.1) and h is thickness of the specimen. Since 2z0 > 
w, the friction experience in this condition is sliding friction. Hence the shear flow 
stress (k) is derived from the following equation; 
ቀ ୮ଶ୩ቁ = ቀ
ଵ
ୠ୵ቁ ቂ
ଶ୦మ
ஜమ ൅	
ሺୠି୵ሻ୦
ஜ ቃ ቂexp ቀ
ஜ୵
୦ ቁ െ 1ቃ    Equation 3.3 
The equivalent flow stress is given by the following equation 
σ= 2k/f         Equation 3.4 
Where, the factor f can be defined as  
ε = -fε3         Equation 3.5 
Where, ε is equivalent strain and ε3 = ln (h/ho). Accounting for lateral spread ε2 = ln 
(b/bo), the equivalent strain is derived from the following equation; 
ε = ଶ√ଷ	ሾሺεଶଶ ൅ εଶεଷ ൅ εଷଶሻሿ1/2      Equation 3.6 
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Figure 3. 5. The Servotest high strain rate compression test machine 
 
 
Figure 3. 6. A schematic representation of Plane Strain Compression sample 
 
Table 3. 1. Aspect ratio for test specimen 
Test specimen 
aspect ratio 
Preferred 
values 
Permissible 
values 
Aspect ratio 
used  
BR = w0/w 5 ≥ 2 2 (w0 = 30mm) 
HR = h0/w 0.67 ≤ 0.67 0.33 (h0 = 5mm) 
BR – breadth ratio, HR – height ratio, w0 – specimen breadth, h0 – specimen height, w 
– platen width=15mm, hf – Final height after deformation 
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3.6. Tensile test 
 
Tensile testing was performed on static (cold rolled and annealed) and dynamically 
(hot rolled) recrystallized samples. An Instron 5967 was used for tensile testing at 
room temperature (Fig. 3.7). It is a dual column table top static testing system. A non-
contact extensometer was used for measuring the strain. A 30 kN load cell was used 
to measure the deformation load. The tensile test was performed at room temperature 
with constant strain rate 0.001 s-1 (low strain rate for homogeneous load distribution). 
Two samples were tensile tested for each condition. 
 
ASTM sub-size specimens [193] were used for tensile testing the cold rolled and 
annealed samples (Fig. 3.8 and Table. 3.2).  As-cast and hot rolled samples were made 
with the reduced sub-size specimen due to sample size constraint [93, 176, 194] 
(Table. 3.2). 
 
 
Figure 3. 7. Tensile test machine Instron 5967  
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Table 3. 2. Sample dimensions for tensile test 
Materials G (mm) W (mm) T (mm) 
Cold rolled and annealed samples 25 6 1.5 
As-cast and hot rolled samples 13 3 1.5 
 
 
Figure 3. 8. Schematic representation of ASTM sub-size specimen (ASTM 
E8/E8M – 15a) [195] 
 
Where, G – Gauge length, W – Width, T – Thickness, A – Length of the reduced 
section,             B – Length of the grip section, C – Width of the grip section, L – Total 
length, R – Radius of the fillet  
The engineering stress-strain and True stress-strain were calculated from the exported 
data. Following expression was used to calculate the stress and strain, 
Engineering stress, S = P / A           Equation 3.7 
Engineering strain, e = ∆L / L0          Equation 3.8 
True stress, σ = S (1+e)           Equation 3.9 
True strain, ε = ln (1+e)           Equation 3.10 
Where, P is load (kN), A is area of the specimen (mm2), L0 is original length (mm) 
and ∆L is change in length (mm). 
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3.7. Material characterization  
 
Standard metallographic sample preparation was performed on HEA samples before 
analysing through X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM) 
and Electron Backscatter Diffraction (EBSD). The as cast, homogenized, annealed and 
hot deformed samples were cut (rolling and transverse direction) using abrasive cut-
off machine and mounted in conducting bakelite. Metallography preparation was 
performed with 240, 600, 1200 silicon carbide grit papers followed by fine polishing 
with 9, 6, 3 and 1 µm diamond polishing lubricant. Samples were ultrasonic cleaned 
with ethanol for 5 min while changing each polishing suspension. An additional 
polishing stage with Oxide Polishing Suspension (OPS) (colloidal silica) was used to 
achieve a scratch free polished surface.  
 
As cast, deformed and annealed alloys were characterized to analyse the phase 
evaluation, phase stability, microstructural evaluation and analysis of change in 
microstructure over the processing steps. Specific details of each test method and 
methodologies are discussed in the following sections.  
 
3.7.1. X-Ray Diffraction (XRD) 
 
Crystal structures, inter-planer spacing (dhkl) and lattice parameters (a) of 
AlxCoCrFeNi high entropy alloys were analysed by X-Ray Diffraction (XRD) 
technique. dhkl was calculated for from the Bragg’s equation at each 2ϴ peak position 
of the sample. For the cubic crystal structure the inter-planner spacing (d) is related 
with lattice parameter (a) as, 
dhkl = a / (h2+k2+l2)1/2              Equation 3.11 
nλ = 2d sinθ             Equation 3.12 
For all the phases, the lattice parameter was calculated from the respective inter-planer 
spacing and hkl values. 
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XRD was carried out on HEAs by PANalytical X-pert Pro MRD XL machine using 
Cu-Kα radiation (wavelength (λ) of 0.154 nm). 40 kV and 30 mA power source was 
used for producing X-Rays. The diffraction angle 2θ varied from 30 to 120º and the 
peaks were analysed with X’Pert High Score Plus software with ICDD (The 
International Centre for Diffraction Data) – PDF (Powder Diffraction File) database 
files and from the reference papers [3, 35, 196]. Volume fraction of phases were 
calculated using Rietveld analysis from the X’Pert High Score Plus software and 
confirmed with the SEM microstructure analysis.    
 
3.7.2. Microstructural analysis  
 
3.7.2.1. Scanning Electron Microscopy (SEM) – Imaging 
 
A Zeiss Supra 55VP FEG SEM with high efficiency In-lens secondary electron 
detector and lens-mounted angular selective backscatter (AsB) detector  was used to 
analyse the microstructural features of the as cast, deformed and recrystallized 
samples. An accelerating voltage 20 kV, aperture size 60 μm and working distance 5 
mm used to capture the images. An Oxford X-Max 20 SDD Energy Dispersive X-ray 
(EDX) detector was used to analyse chemical composition of the features present in 
the samples. The accelerating voltage, aperture size and working distance was 20 kV, 
60 μm and 13 mm, respectively, for the EDX analysis. 
 
SEM images were used to quantify the recrystallization fraction using point count 
method, according to ASTM 562-11 standard method for determining volume fraction 
of identifiable phases or constituents by systematic manual point count method [197]. 
Recrystallization fraction was determined by analysing annealed samples using this 
method. Recrystallization fraction was calculated by counting the points on the 
recrystallized grains.  
XREX  = PREX / PT             Equation 3.13 
XREX – recrystallization fraction 
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PREX – number of points on recrystallized grains 
PT – total number of points 
At least 10 images were analysed and their average values were calculated for 
determining the fraction of recrystallization.  
 
The SEM microstructure was also used for measuring the grain size. ASTM E112-13 
Heyn linear intercept method [198, 199] was used for determining the average grains 
size of the recrystallized HEAs. In this method a number of lines were super-imposed 
on the microstructure. The number of intercept of lines by grains were counted and 
the grain size was determined using following relationship,   
G= L/ N             Equation 3.14 
G –Grain size (μm)  
L – Total length of lines (μm) 
N – Number of intercept 
Average value of grain size was determined by analysing at least 10 microstructures 
of the recrystallized alloy. 
 
3.7.2.2. SEM – Electron Backscattered Diffraction (EBSD) analysis 
 
Leo 1530 FEG SEM combined with Oxford (HKL) Nordlys S EBSD detector and high 
resolution CCD for high angular resolution was used for EBSD mapping. Accelerating 
voltage of 20 KV, Aperture size 60 μm and working distance of 10 mm was used for 
mapping. HKL channel 5 software from Oxford instruments was used to analyse the 
collected EBSD maps for phase identification and misorientation measurement. EBSD 
analysis was used to identify the High Angle Grain Boundaries (HAGB), Low Angle 
Grain Boundaries (LAGB) and twin boundaries, specified by; 
 HAGB > 15° misorientation 
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 LAGB > 2° misorientation 
 Twin boundaries – Rotation of 60°±5° with <111> 
For the present study an example of HAGB, LAGB and twin boundaries are shown by 
black, white and red colours respectively (Fig. 3.9). 
 
 
Figure 3. 9. EBSD mapping and misorientation profile for Al0.9CoCrFeNi HEA 
deformed at 1030°C with strain rate 0.01 and strain 1.5 (x3000 and Step=0.1) 
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4. Synthesis and Characterization of High Entropy 
Alloys 
 
4.1. Introduction 
   
The AlxCoCrFeNi HEA system was selected (Section 3.2) for the current research to 
study the recrystallization behaviour. Basic understanding of the alloy design concept 
is discussed in this chapter. Phase and microstructural evolution of the as-cast 
Al0.3CoCrFeNi (FCC), Al0.6CoCrFeNi (FCC+BCC) and Al0.9CoCrFeNi (BCC) alloys 
were reported in the following section. Phase separation during homogenization heat 
treatment was discussed in detail. The main purpose of this chapter is to understand 
the phase and microstructure of the as-cast and homogenised AlxCoCrFeNi HEA 
system that are common for the subsequent chapters such as static recrystallization, 
dynamic recrystallization and mechanical properties of HEAs. 
 
4.2. Experiments 
 
The Al0.3CoCrFeNi, Al0.6CoCrFeNi and Al0.9CoCrFeNi alloys were produced using 
arc melting method (Section 3.3) with nominal compositions as described in the 
previous chapter. Homogenization heat treatment was carried out on the as-cast alloys 
at 1100ºC for 24 hours. Characterization of alloys were performed using optical 
emission spectroscopy, XRD and SEM for chemical composition, phase and 
microstructural analysis respectively. 
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4.3. Results 
 
4.3.1. Spectroscopy analysis of the as-cast AlxCoCrFeNi  
 
The chemical composition of the alloys was determined by Leco combustion analysis 
(optical emission spectroscopy) and is reported in the Table 4.1. The chemical 
composition from spectroscopy analysis was close to the nominal composition of input 
material used for arc melting. At least three ingots was analysed to get the average 
weight percentage chemical composition. Variation in chemical composition was 
insignificant and similar microstructures was observed in all the ingots. 
Table 4. 1. Chemical composition of AlxCoCrFeNi HEAs determined by optical 
emission spectroscopy 
Alloys Elements 
Theoretical 
atomic 
percentage 
Theoretical 
weight 
percentage 
Weight % from 
spectroscope 
analysis 
Al0.3CoCrFeNi 
Al 6.98 3.5 3.5 
Co 23.3 25.2 24.9 
Cr 23.3 22.3 22.5 
Fe 23.3 23.9 24.1 
Ni 23.3 25.1 24.9 
Al0.6CoCrFeNi 
Al 13.0 6.7 6.8  
Co 21.7 24.4 24.1 
Cr 21.7 21.5 21.6 
Fe 21.7 23.1 23.1 
Ni 21.7 24.3 24.2 
Al0.9CoCrFeNi 
Al 18.4 9.7 9.6 
Co 20.4 23.6 23.5 
Cr 20.4 20.8 20.8 
Fe 20.4 22.4 22.4 
Ni 20.4 23.5 23.4 
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4.3.2. XRD analysis of the as-cast and homogenized AlxCoCrFeNi 
HEA 
 
In order to identify the phases present in the as-cast alloys, XRD was performed on 
the Al0.3CoCrFeNi, Al0.6CoCrFeNi and Al0.9CoCrFeNi HEAs. Peaks from the XRD 
were analysed with reference to the patterns in X’Pert High Score Plus and compared 
to the spectra from similar alloys in the literature [3, 200]. All the peaks from the XRD 
were identified and their respective HKL index are reported in Fig. 4.1. As expected, 
single phase FCC was observed in the Al0.3CoCrFeNi, Al0.9CoCrFeNi showed the 
presence of a BCC phase, and a two phase structure (FCC+BCC) was observed in the 
Al0.6CoCrFeNi HEA (Fig. 4.1a). 
 
XRD of the homogenized Al0.3CoCrFeNi HEA showed a single phase FCC structure 
the same as the as-cast alloy system. Similarly, Al0.6CoCrFeNi alloy also showed 
duplex structure after homogenization at 1100°C for 24 hours (Fig. 4.1b). A high 
intensity peak was observed at 2θ ≈ 50° in the as-cast and homogenized Al0.3CoCrFeNi 
and Al0.6CoCrFeNi HEAs (Fig. 4.1 - 2θ ≈ 50°). In the case of homogenized 
Al0.9CoCrFeNi HEA, it was different from the as-cast alloy (single phase BCC) as it 
consisted of FCC and BCC duplex phase after homogenization (Fig. 4.1b).  
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Figure 4. 1. XRD spectra of (a) as cast and (b) homogenized Al0.3CoCrFeNi, 
Al0.6CoCrFeNi and Al0.9CoCrFeNi HEA 
 
4.3.3. Microstructures of as-cast and homogenized AlxCoCrFeNi 
HEA 
  
Columnar grains along the solidification direction were observed on Al0.3CoCrFeNi 
as-cast HEA (Fig.4.2a). An average length and width of the grain was ~600 μm and 
~150 μm respectively. No precipitates were observed along the grain boundaries (Fig. 
4.2b), however Al and Ni rich grain boundary segregation was observed (Fig. 4.3). 
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Heat treatment was performed at 1100°C for 24 hours to achieve a homogenized 
chemical composition. The grain morphology of homogenized alloy was the same as 
in the as-cast HEA, with an average length and width of the grain was ~650 μm and 
~180 μm, respectively (Fig. 4.2c). However, a very low volume fraction of precipitates 
was observed along all the grain boundaries with an average size of 0.75 μm (Fig. 
4.2d). EDS analysis indicated that these precipitates are Al rich (Fig.4.4). 
 
     
Figure 4. 2. SEM microstructures of a, b) as-cast and c, d) homogenized 
Al0.3CoCrFeNi HEA. Arrow indicates a, c) columnar structure d) Grain 
boundary precipitates 
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Figure 4. 3. SEM EDS of homogenized Al0.3CoCrFeNi HEA showing Al-Ni rich 
grain boundary segregation 
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Figure 4. 4. SEM EDS of homogenized Al0.3CoCrFeNi HEA showing Al rich 
grain boundary precipitates 
 
The Al0.6CoCrFeNi as-cast HEA displayed a columnar dendritic structure along the 
solidification direction with an average length of ~1000 μm and width of ~200 μm 
(Fig. 4.5a). The two phase structure consisted by FCC in the dendritic and BCC and 
B2 [3] in the inter-dendritic region, as shown in Fig.4.5b. The inter-dendritic region 
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has a network shaped structure with different contrast in the back scattered electron 
image due to variation in atomic number (Fig.4.5b - ID). EDS results showed that 
dendritic regions were rich in Cr-Fe (Fig. 4.6). Bright and dark regions in the network 
shaped structures were Cr-Fe rich BCC and Al-Ni B2 phases, respectively. 
 
Columnar dendritic structure was observed after homogenization of Al0.6CoCrFeNi 
HEA (1100°C for 24 hrs) the same as in the as-cast HEA (Fig. 4.5c). However, the 
internal structure was different from the as-cast alloy. Network shaped inter-dendritic 
regions vanished after homogenization heat treatment (Fig. 4.5d - ID). The needle 
shape precipitates evolved along the dendritic region after homogenization (Fig. 4.5d 
- D). From the EDS mapping and XRD results it could be confirmed that the inter-
dendritic regions and needle shape precipitates were Al-Ni rich and the matrix was Cr-
Fe rich phase (Fig. 4.7) 
 
 
Figure 4. 5. SEM microstructures of a, b) as-cast (dendritic morphology 
indicated) and c, d) homogenized Al0.6CoCrFeNi HEA (D – FCC dendritic and 
ID – BCC inter-dendritic regions) 
Chapter 4  Synthesis and characterization 
83 
 
 
 
 
Figure 4. 6. SEM EDS of as-cast Al0.6CoCrFeNi HEA showing dendritic FCC 
and BCC inter-dendritic phases (Al-Ni rich B2 and Cr-Fe rich BCC) 
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Figure 4. 7. SEM EDS of homogenized Al0.6CoCrFeNi HEA showing dendritic 
FCC, inter-dendritic BCC and needle shaped Al-Ni rich BCC precipitates in 
FCC matrix 
 
An equiaxed grain morphology was observed in the as-cast Al0.9CoCrFeNi HEA with 
a grain size of ~220 μm (Fig. 4.8a). A network shaped structure was observed in the 
internal structure (Fig.4.8b) of the grains, similar to the inter-dendritic regions of the 
Al0.6CoCrFeNi HEA (Fig. 4.5b). EDS showed that the grain boundary and the bright 
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network shaped regions were Cr-Fe rich (BCC) and the dark matrix regions were Al-
Ni rich (B2) (Fig. 4.9). Duplex FCC and BCC phases were formed after the 
homogenization heat treatment. The wall-shaped phase was separated from the BCC 
matrix after homogenization (Fig. 4.8d). From EDS mapping, XRD results and 
literature [196], it could be suggested that the grey regions are a Cr-Fe rich FCC phase 
and dark matric is Al-Ni rich BCC phase (Fig. 4.1b and 4.10).     
 
 
Figure 4. 8. SEM microstructures of a, b) as-cast - network shaped structure is 
marked and c, d) homogenized Al0.9CoCrFeNi HEA (arrow indicates wall-
shaped FCC phase in BCC matrix, GB – grain boundary) 
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Figure 4. 9. SEM EDS of as-cast Al0.9CoCrFeNi HEA showing Al-Ni rich B2 
and Cr-Fe rich BCC phases 
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Figure 4. 10. SEM EDS of homogenized Al0.9CoCrFeNi HEA showing Al-Ni rich 
BCC and Cr-Fe rich FCC phases 
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4.4. Discussion 
 
4.4.1. Alloy design and phase formation  
 
As discussed in the literature review, increasing the Al molar ratio above 0.3 in the 
AlxCoCrFeNi HEA system leads to a phase transformation and forms a BCC phase in 
addition to FCC [3, 6, 34, 35, 196, 201, 202]. Since Al acts as a BCC former in the 
AlxCoCrFeNi alloy system the alloy transformed in to a single phase BCC structure 
with molar ratio of Al = 0.9.  
 
As reported in the literature section, the parameters Ω (Equation 2.6) and atomic size 
difference between mixing elements δ (Equation 2.7) are proposed to be ൒ 1.1 and ≤ 
6.6 respectively [24, 27, 76] for the formation of simple FCC and BCC solid solutions. 
The calculated values of Ω and δ for the AlxCoCrFeNi HEA satisfy the criteria (Table. 
4.2). However, the valance Electron Concentration (VEC) deviates from the specified 
limits, whereas it was proposed that, FCC is stable if VEC ൒ 8 (7.88 for Al0.3CoCrFeNi 
- FCC) and BCC is stable if VEC ≤ 6.87 (7.29 for Al0.9CoCrFeNi - BCC) [31]. It is 
interesting that even though the VEC does not satisfy the proposed criteria, still 
AlxCoCrFeNi HEA formed single phase, which needs more understanding on the 
VEC. Lattice parameters were calculated (Equation 3.5 and 3.6) for FCC and BCC 
phases of the AlxCoCrFeNi HEAs from the XRD analysis (Table 4.2). The calculated 
values are very close to those reported in the literature [3]. Lattice parameter for FCC 
in Al0.6CoCrFeNi (3.60 Å) is higher than in Al0.3CoCrFeNi (3.59 Å). Similarly, BCC 
also shows a significant difference in lattice parameter between Al0.6CoCrFeNi (2.88 
Å) and Al0.9CoCrFeNi (2.92 Å) alloys could be due to lattice distortion caused by the 
Al addition and also by the variation of chemical composition between FCC and BCC 
phase in single and duplex alloys. 
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Table 4. 2. Physical properties of High Entropy Alloy  
Alloy Crystal structure Ω δ % VEC
Lattice 
parameter 
(Å)
Lattice parameter (Å) - 
Literature  
Al0.3CoCrFeNi FCC 3.19 3.64 7.88 3.59 3.567 (Al0.25) [3] 
Al0.6CoCrFeNi FCC+ BCC 2.32 4.66 7.57 
FCC – 3.60   
BCC – 2.88
FCC – 3.574 (Al0.5)  
BCC – 2.854 [3] 
Al0.9CoCrFeNi BCC 1.93 5.28 7.29 2.92 2.860 (Al0.875) [3] 
 
 
4.4.2. Evolution of the microstructure in the as-cast and homogenized 
HEA 
 
SEM microstructure of Al0.3CoCrFeNi HEA showed a single phase structure which 
was confirmed as FCC phase from the XRD spectra. Literature also showed that 
Al0.3CoCrFeNi HEA possesses single phase FCC structure [3, 4]. Columnar grains 
were observed for the Al0.3CoCrFeNi HEA without dendrites in the solidification 
direction. Since these alloys were made by arc melting and casting in the water cooled 
copper mould, solidification of molten metal starts from the bottom of the melt due to 
heat transfer between melt and copper mould. In general, molten metal starts to 
nucleate and grow in the orientation with a large thermal gradient. This melting and 
casting technique resembles directional solidification, where columnar grains start to 
nucleate and grow along the solidification direction due to large difference in the 
thermal gradient between parallel and normal to the growth direction [203]. In general, 
grains grow preferentially along the <100> direction due to the loosely packed plane 
(100), during the solidification of FCC and BCC alloy systems [204]. Consequently, 
the <100> oriented grains were preferred to grow along the heat flow direction [203]. 
Hence, thermal gradient and preferred growth orientation leads to columnar grain 
structure in the Al0.3CoCrFeNi HEA. XRD (Fig. 4.1) also support that, Al0.3 HEA has 
a strong <100> which indicates that grains are orientated in <100> direction. Grain 
boundary Al-Ni rich segregation was observed along the grain boundaries in the as-
cast HEA, perhaps attributed to relatively large enthalpy of mixing. According to the 
phase diagram (Fig. 4.11), Al-Ni rich segregation could have low liquidus temperature 
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(due high Al content), which could form a liquid phase during homogenization at 
1100°C. Since, Al has large atomic radius (rAl = 143 pm) when compared with Ni (rAl 
= 124 pm), it is quite difficult to diffuse Al (slow diffusion) in to the matrix (FCC 
phase) during holding time (24 hrs) of homogenization. On the other hand Ni could 
have diffused in to the matrix to achieve chemical homogeneity. Water quenching was 
performed at the end of the homogenization to avoid the formation of Al-Ni rich 
precipitates (which is promoted in the temperature range of 350-850°C [4, 87]). 
Consequently the non-diffused Al could have formed precipitates along the grain 
boundary after homogenization heat treatment as shown in Fig. 4.2d and Fig. 4.3. 
Although, homogenization had been performed on the Al0.3CoCrFeNi HEA by Kao 
[3], no precipitates had been reported along the grain boundary. 
 
 
Figure 4. 11. Phase diagram of AlxCoCrFeNi HEA [178] 
 
Directional solidification in the two phase alloy is different from single phase alloys. 
Al0.6CoCrFeNi HEA nucleates and grows along the solidification direction. Columnar 
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grains morphology formation in the Al0.6CoCrFeNi HEA is similar to the FCC alloy 
(Fig. 4.4a). However, it forms two phases with dendritic and inter dendritic structure 
in addition to the columnar grain morphology (Fig. 4.5b). The phase diagram shows 
that the melting point of the FCC phase is higher than the BCC (Fig. 4.11) [178]. 
Therefore, FCC phase (Al < 0.3 molar ratio) can first nucleate and grow during 
solidification by rejecting the excess Al to the liquid phase [178]. The increase in the 
aluminium in liquid phase can nucleate and grow as BCC phase (due to high Al) along 
the inter-dendritic regions, when the temperature reduces below solidus during 
solidification. 
 
Cr-Fe rich network shaped structure in an Al-Ni rich matrix was identified along the 
inter-dendritic regions in the Al0.6CoCrFeNi HEA. It has been reported [75] that the 
Al-Ni pairing has a higher negative enthalpy of mixing (-22 kJ/mol, Table.4.3) when 
compared with the other element pairs in this system. Since Al-Ni has a higher 
negative enthalpy of mixing, the Gibb’s free energy reaches the minimum level which 
susceptible for stable Al-Ni rich BCC phase formation.  However, the formation of a 
pure Al-Ni intermetallic phase is avoided due to the high entropy effect [3, 6, 15, 30, 
33, 205].  Since solidification occurs rapidly (in water cooled copper mould), there is 
insufficient time for the movement of atoms to form an equilibrium phase [196]. FCC 
phase starts solidifying along the dendritic region during cooling below the liquidus 
temperature. Phase separation initiates along the inter-dendritic region with Al-Ni rich 
and Cr-Fe rich phases due to difference in enthalpy of mixing between elements. 
However, due to insufficient time for the phase separation (to form equilibrium phase) 
meta-stable spinodal decomposition occurred by the formation of Al-Ni rich B2 and 
Cr-Fe rich BCC phase [196]. The absence of spinodal decomposition in the 
homogenized structure indicates that the phase separation occurred fully during 
homogenization (1100°C for 24 hours) which transforms the meta-stable spinodal 
decomposition into stable Al-Ni rich BCC by rejecting Cr-Fe into the matrix [3, 196]. 
However, AlxCoCrFeNi alloy system had been reported in the literatures [3, 196], this 
is the first attempt to study the in-depth microstructural analysis of the as-cast and 
homogenized Al0.6CoCrFeNi HEA. 
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The morphology of the as-cast Al0.9CoCrFeNi HEA is characterized as equiaxed 
general microstructure. However, spinodal decomposition is observed due to rapid 
solidification similar to the inter-dendritic region (Al-Ni rich B2 and Cr-Fe rich BCC 
phases) of duplex Al0.6CoCrFeNi HEA [196]. Homogenization heat treatment at 
1100°C for 24 hrs transform the single phase BCC in to duplex structure with Cr-Fe 
rich and Al-Ni rich phase. It has been proposed [196] that in the as-cast Al0.9CoCrFeNi 
HEA slight Cr depletion occurs along the Cr-Fe rich BCC when heat treating the alloy 
>1000°C which tends to form FCC phase in the BCC matrix [3, 196].   In the present 
study also the formation of FCC rich in the Al-Ni rich BCC matrix after 
homogenization at 1100°C could be due to the Cr depletion in the Cr-Fe rich as-cast 
phase. Phase separation with Al-Ni rich phase formation due to negative enthalpy of 
mixing also reason for the formation of FCC and BCC phases in the spinodal 
decomposing region during homogenization which is the same as reported for 
Al0.6CoCrFeNi HEA. From the SEM microstructure, XRD spectra, EDX analysis and 
literature, it could be confirmed that Cr-Fe rich phase is FCC and Al-Ni rich phase is 
ordered B2 BCC. 
 
Table 4. 3. Enthalpy of mixing elements [75] 
Mixing Elements Enthalpy of mixing KJ/mol 
Al-Co -19 
Al-Cr -10 
Al-Fe -11 
Al-Ni -22 
Co-Cr -4 
Co-Fe -1 
Co-Ni 0 
Cr-Fe -1 
Cr-Ni -7 
Fe-Ni -2 
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4.5. Conclusions 
 
To understand the microstructure fully before carry out thermomechanical process, 
the crystal structure and microstructure were studied for as-cast AlxCoCrFeNi HEAs 
with varying Al content (x = 0.3, 0.6 and 0.9). Although, homogenization had been 
reported in the AlxCoCrFeNi HEA system, solidification behaviour, microstructural 
study, and phase separation during homogenization was not reported in detail. In this 
study, the effect of homogenization (1100°C for 24 hrs) on the crystal structure and 
microstructure were studied and compared with the as-cast HEAs. Alloy design 
properties (Ω, δ, VEC and Å) were also calculated for AlxCoCrFeNi HEAs and 
compared with the literatures. The following conclusions were made: 
 Columnar (Al0.3CoCrFeNi) and columnar dendritic (Al0.6CoCrFeNi) morphology 
were observed in the as-cast HEAs which was related to the effect of directional 
solidification along the (100) loosely packed plan. Meta-stable spinodal 
decomposition observed in the Al0.6CoCrFeNi (inder-dendritic) and 
Al0.9CoCrFeNi HEAs was due to rapid solidification process. 
 Al rich precipitates formed along the grain boundary in the homogenized 
Al0.3CoCrFeNi HEA was due to the slow diffusion caused by the large atomic 
radius of Al. 
 Phase separation was observed in Al0.6CoCrFeNi HEA after homogenization 
(1100°C for 24 hours) causing microstructural changes due to Al-Ni negative 
enthalpy of mixing. 
 In Al0.9CoCrFeNi HEA, FCC phase formed in the BCC matrix after 
homogenization was due to the Cr depletion in the Cr-Fe rich region. FCC and 
BCC phase separation during homogenization in this alloy is due to the Al-Ni 
negative enthalpy of mixing. 
 
The effect of microstructural features in the as-cast HEAs and the change in the 
microstructure during homogenization on recrystallization will be determined from 
the subsequent chapters on static (Chapter 5) and dynamic recrystallization (Chapter 
6). 
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5. The Static Recrystallization behaviour of 
Al0.3CoCrFeNi FCC HEA 
 
5.1. Introduction 
 
The static recrystallization behaviour of Al0.3CoCrFeNi FCC HEA was studied in this 
chapter. Only about a 30% reduction in thickness (true strain ≈ 0.35) was obtained and 
further reduction leads to cracking during cold rolling on two phase (FCC+BCC) 
Al0.6CoCrFeNi HEA (both as-cast and homogenised). The single phase BCC as-cast 
and the homogenized duplex (BCC+FCC) Al0.9CoCrFeNi HEAs were subjected to 
cold rolling. Both the alloys failed in a brittle manner without much reduction in 
thickness. Since the cold deformation is limited in the Al0.6CoCrFeNi (~30%) and 
Al0.9CoCrFeNi (<2%) HEAs, static recrystallization is quite difficult to achieve during 
the subsequent annealing process. Hence, in this chapter, the static recrystallization 
behaviour of only Al0.3CoCrFeNi FCC HEA was discussed in detail.  
 
As-cast FCC HEAs consisted of coarse columnar grain structure which has improved 
plasticity, however strength is very low when compared with conventional alloys [3, 
96, 97]. Previous research [206] tried to improve the strength of the alloy system by 
adding C as a minor alloying addition, such as in steel and super alloys, however no 
changes were observed in the microstructure and properties. Addition of Co [94], Nb 
[97], V [95] and age hardening on these alloy systems increased the strength with 
significant decrease in ductility [4, 206].  
 
As reported in the literature (Section 2.2), refining the grains through recrystallization 
increases the strength without losing the plasticity.  Hence, cold deformation followed 
by annealing was performed on the as-cast and homogenized Al0.3CoCrFeNi FCC 
HEA to study the kinetics and activation energy of static recrystallization. However, 
grain growth behaviour of CoCrFeMnNi HEA [45] reported in the literature, this is 
the first study reports the static recrystallization and grain growth behaviour of the as-
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cast and homogenized Al0.3CoCrFeNi FCC HEA. The main focus of this chapter is to 
investigate the evolution of microstructure during static recrystallization. Optimum 
processing conditions to achieve fully recrystallization microstructure with refined 
grain size was derived from the kinetics and activation energy of static 
recrystallization. The effect of homogenization on static recrystallization behaviour of 
Al0.3CoCrFeNi FCC HEA was discussed in detail. 
 
5.2. Experimental methods 
 
Arc melting method was used to prepare Al0.3CoCrFeNi HEA ingots with a nominal 
composition of equal molar ratio of Co, Cr, Fe, Ni and 0.3 molar ratio of Al. 
Homogenization heat treatment was conducted on the as-cast alloy at 1100°C for 
24hrs. Cold rolling was carried out on both as-cast and homogenized alloy up to 70% 
reduction in thickness. Deformation with 0, 30, 50 and 70% reduction in thickness was 
performed on as-cast HEA to determine the minimum deformation required for 
recrystallization. Recrystallization annealing was performed in the fluidized bed 
furnace with nitrogen atmosphere. The fluctuation of temperature during annealing 
was ±5°C in fluidized bed furnace. Recrystallization was performed at 800, 900 and 
1000°C with different annealing time to evaluate the JMAK kinetics and activation 
energy of static recrystallization (Table 5.1). Since, grain growth was observed in the 
recrystallization of homogenized and 70% deformed Al0.3CoCrFeNi HEA, grain 
growth study was performed at 800, 900, 1000 and 1050°C to study the kinetics and 
activation energy of grain growth (Table 5.1). 
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Table 5.1.  Annealing schedule for as-cast and homogenized (H1100) 
Al0.3CoCrFeNi FCC HEA 
Conditions Deformation 
Annealing 
time at 
800°C 
(mins) 
Annealing 
time at 
900°C 
(mins) 
Annealing 
time at 
1000°C 
(mins) 
Annealing 
time at 
1050°C 
(mins) 
 
 
As-cast 
 
70% (ε = 1.2)  
-- 2 2  
20 20 20  
60 60 60  
200 200 300  
600 600 420  
 1440   
50% (ε = 0.7) 
 2 2  
 20 20  
 60 60  
 200 300  
 600 420  
30% (ε = 
0.35)  
  2  
  20  
  60  
  300  
  420  
0%     60  
 
H1100 
70% (ε = 1.2)  
-- -- 1 1 
-- 2 2 2 
20 20 20 20 
60 60 60 60 
200 200  200 
600 1440  1440 
0%   60  
The crystal structure and phase stability of deformed and annealed samples were 
analysed using XRD, performed along the rolling direction for all the samples. 
Rietveld analysis was used to calculate the volume fraction of precipitates formed 
during annealing process. SEM was used to analyse the microstructure of the as-cast, 
homogenised and recrystallized alloys. Energy dispersive X-ray spectroscopy (EDX) 
was used for analysing the chemical composition of features in the microstructures of 
the HEA. Recrystallization fraction was calculated from the conventional point count 
method to determine the kinetics of recrystallization. Grain size was measured from 
the linear intercept method to analyse the grain growth behaviour of alloys (Section 
3.7.2).  
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5.3. Results 
  
5.3.1. Microstructure analysis 
 
5.3.1.1. Cold deformed microstructure of as-cast and homogenized 
Al0.3CoCrFeNi HEA 
 
Columnar dendritic structure was observed along the solidification direction in the as-
cast alloy (Fig. 5.1a and b) (Detailed analysis is in Chapter 4). Deformation twins were 
observed on the 30, 50 and 70% deformed alloys (Fig.5.1d, f and h). In low stacking 
fault energy materials, dislocation dissociate to form planner arrays of stacking fault 
on the slip systems. As the strain increases the dislocation content of the faulted 
structure increases rapidly and bands of very fine twins appear. The formation of twins 
at the low level strain confirmed that these alloys are low stacking fault energy 
materials [207-209]. Shear banding was the deformation mechanism occurred during 
deformation and the shear bands were oriented ~35° to the rolling direction. This 
behaviour is common for low stacking fault energy materials (Fig.5.1g) [42]. 
 
The as-cast columnar structure was retained after homogenization at 1100°C for 24 
hours (Fig. 5.2a). A very low volume fraction of Al rich precipitates were observed 
along the grain boundaries (Fig. 5.2b).  The shear bands at ~35° to the rolling direction 
were observed in 70% deformed alloy (5.2c and d), which is similar to the behaviour 
reported for the as-cast HEA (Fig. 5.1g). 
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Figure 5. 1. SEM microstructures of a, b) As-cast (columnar structure), c, d) 
30%, e, f) 50%, g, h) 70% deformed alloy 
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Figure 5. 2. SEM microstructure of a, b) homogenized (arrow indicates the 
grain boundary Al rich precipitates) and c, d) 70% deformed HEA 
 
5.3.1.2. Microstructure of deformed and annealed Al0.3CoCrFeNi HEA  
 
The recrystallized microstructures of various cold worked HEAs after annealing at 
1000°C for 60 mins are shown in the Fig. 5.3. Since, the recrystallization behaviour 
was similar for various recrystallization parameters (deformation percentage and 
annealing temperature), all other microstructures with various deformation percentage 
(30, 50 and 70%), annealing temperature (1050, 1000, 900 and 800°C) and annealing 
time are contained in appendix (Fig. A1-A9). 
 
Annealing was performed on the as-cast HEA at 1000°C for 60 mins. Precipitates with 
an average size of ~1 μm were evolved along the grain boundaries and within grains 
(Fig. 5.3 – 0% cold rolling). The morphology of the precipitates tended to be rod and 
spherical shape along the grains and at grain boundaries, respectively.  
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Recrystallization annealing was carried out at 1000°C on the 30% deformed (True 
strain ≈ 0.35) alloys with annealing time from 2 to 420 minutes. Recrystallization 
started to nucleate after two minutes of annealing and the recrystallization fraction 
increased with annealing time (Fig. A1). Nearly 87% recrystallization was observed 
at 1000°C after 420 mins of annealing (Table 5.2). It was also witnessed that the 
nucleation started at the pre-existing grain boundaries of the as-cast alloy (Fig. A1-
2m). Recrystallized grains started to grow along the normal direction (Fig. A1), which 
is the solidification direction in the as-cast alloy. Equiaxed grains formed at the higher 
annealing time with partial recrystallization (1000°C, 420 mins) (Fig. A1-420m). 
Since, the 30% deformed alloy was expected to form only partial recrystallization, 
annealing was not performed below 1000°C. 
 
Precipitates were observed along the recrystallized grain boundaries at the initial stage 
of annealing (Fig. 5.3 – 30%). However, precipitates were also detected within the 
recrystallized and deformed grains with an increase in the annealing time. The size of 
the precipitates increased from 0.01 (minimum size at 2 mins) to 1.6 μm (maximum 
size at 420 mins) with the annealing time (Fig. A1). 
 
The 50% deformed (True strain ≈ 0.7) alloy possesses the FCC phase during annealing 
at 1000°C. The formation of precipitates were observed the same as the 30% deformed 
alloy (Fig. 5.3 – 50%). It is important to note here that precipitates were formed along 
the recrystallized grain which is nearby the pre-existing grain boundaries of the as cast 
alloys (Fig.A2 – 2m). The recrystallization fraction was very high at the early stage of 
annealing (89% in 20 mins). However, the rate of recrystallization was reduced at the 
end of the process due to the site saturation. The full recrystallization was observed 
after 60 mins of annealing and slow grain growth was evident with annealing time. 
The average grain size was increased from ~15 μm (Fig. A2 - 60m) to ~17 μm (Fig. 
A2 – 420m).  
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A very slow recrystallization was observed for 50% deformed alloy at 900°C 
annealing when compared with 1000°C. Partial recrystallization of about 83% was 
obtained after 600 minutes of annealing (Table. 5.2). Precipitates were formed along 
the recrystallized grains after two minutes of annealing the same as at 1000°C. 
However, the precipitates were evolved not only along the prior as-cast grain 
boundaries and also throughout the structure with increasing annealing time (Fig.A3 
– 600m) which may account for slow recrystallization. 
 
A recrystallization study was carried out on 70% deformed (true strain ≈ 1.2) alloy at 
1000°C (Fig. A4). The fraction of recrystallization was higher for the 70% deformed 
material for an equivalent time when compared to the 30 and 50% deformed material 
due to high stored energy. The recrystallization fraction was significantly higher at 
1000°C (> 85% in 2 mins) (Table. 5.2). However, it completes only after 60 mins of 
annealing time which could be due to site saturation (Fig. 5.3 – 70%), in the same 
manner as 50% deformed alloy. Finer grains were observed in the highly deformed 
(70%) HEA when compared with the 30 and 50% deformed alloys. The grain size was 
measured on fully recrystallized alloy and an average size after 60 mins of annealing 
was ~9 μm (~15μm for 50% deformation) (Fig. 5.3). Grain growth kinetics was slow 
the same as for the 50% deformed alloy and a grain size of 13 μm was observed after 
420 minutes (17 μm for 50% deformation). 
 
The formation of precipitates were observed during annealing as shown in Fig 5.3 – 
70% which is similar to the behaviour reported for 30 and 50% deformed alloys during 
recrystallization process. The EDX results (Fig. 5.4) confirmed that the precipitates 
are Al-Ni rich.  
 
To further examine the recrystallization behaviour of this FCC HEA, annealing was 
performed at 900 and 800°C for 70% deformed alloy. The precipitates were observed 
not only along the grain boundaries but also throughout the grains (Fig. A5 and A6). 
The precipitates also evolved along the deformed structure with the annealing time. 
Chapter 5  Static Recrystallization 
102 
 
 
 
Only partial recrystallization was observed after 600 mins of annealing at 900 and 
800°C (Table. 5.2). 
 
Figure 5. 3. SEM microstructure of annealed Al0.3CoCrFeNi HEA at 1000°C for 
60 mins for different deformation percentage with low magnification and high 
magnification (precipitates shown) 
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Figure 5. 4. SEM - EDX of recrystallization of 70% deformed alloy annealed at 
1000°C for 60 mins 
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Table 5. 2. Fraction of recrystallization for 30, 50 and 70% deformed alloys 
Annealing 
Temperature 
(°C) 
Annealing 
time (mins) 
Fraction of 
Rex for 30% 
deformed 
alloy 
Fraction of 
Rex for 50% 
deformed 
alloy 
Fraction of 
Rex for 70% 
deformed 
alloy 
1000 
2 0.15  0.86  0.89 
20 0.34  0.94  0.94 
60 0.57  Fully rex  Fully rex 
420 0.82  Fully rex  Fully rex 
900 
2  0.19  0.74 
20  0.28  0.81 
60  ‐‐  0.91 
200  0.56  0.93 
600  0.83  0.96 
800 
20   0.11 
60   0.25 
200   0.28 
600   0.48 
 
It was reported in the Chapter 4 that the micro segregation (Al-Ni rich) was observed 
along the grain boundaries in the as-cast alloy system (Fig. 4.3) even after five remelt 
procedures. The chemical heterogeneity could be the reason for the formation of Al-
Ni rich precipitates along the prior grain boundaries of the as-cast HEA and resulted 
to slow recrystallization during cold rolling and subsequent annealing process. The 
homogenization was expected to avoid the segregation in most of the alloy system. 
Hence, heat treatment was carried out at 1100°C for 24 hours and subsequent rolling 
followed by annealing was performed to determine the effect of homogenization on 
recrystallization behaviour of HEA. 
 
Annealing was carried out on the homogenized HEA at 1000°C for 60 mins. No new 
precipitates were observed except the Al rich precipitates along the grain boundary 
which evolved during homogenization (Fig. 5.5 – 0%, 1000°C). Annealing on this 
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alloy indicated that the homogenization significantly reduced the formation of 
precipitates and leads to chemical homogeneity.  
 
Annealing was performed on the homogenized and 70% deformed alloy from 800 to 
1050°C. Only partial recrystallization was observed during annealing at 800°C (Fig. 
5.5 – 70%, 800°C) and at 900 and 1000°C grain growth behaviour was evident (Fig. 
5.5 – 70%, 900 and 1000°C). Hence, to study the activation energy of grain growth, 
annealing was also performed at 1050°C. Refined equiaxed grains were observed after 
full recrystallization at 900, 1000 and 1050°C (Fig. 5.5). The recrystallization kinetics 
were significantly faster in the homogenized alloy than the as-cast alloys. The 
homogenized alloy has <0.1 % Al rich precipitates along the grain boundary. Since 
the volume fraction is low, the precipitates did not have any effect on recrystallization 
and grain growth. Complete recrystallization was observed in two mins of annealing 
and subsequent grain growth was observed with the explored annealing time (Table. 
5.3).  
 
No precipitates were observed at 1050°C annealing temperature (Fig. 5.5 – 70%, 
1050°C and Fig. A7). Very few precipitates were observed along the recrystallized 
grain boundaries at 1000°C (Fig. 5.5 – 70%, 1000°C and Fig. A8), the same as in the 
as-cast HEA. However the precipitates fraction was significantly higher in the alloys 
annealed at 900°C (Fig. 5.5 – 70%, 900°C and Fig. A9). Grain size was increased from 
~3 μm (2 mins) to ~9 μm after 1440 minutes of annealing time at 900°C.  
 
Since full recrystallization was not observed at 800°C (Fig. 5.5 – 70%, 800°C), a 
recrystallization study was performed with increasing annealing time from 2 to 600 
minutes. Recrystallization was very slow at 800°C, which was the same as the as-cast 
alloy system. The fraction of recrystallization was 67% after 600 minutes of annealing 
(Fig. A10 and Table. 5.4). Precipitates evolved with annealing time throughout the 
recrystallized grains and in the recrystallized deformed structure (Fig. 5.5 – 70%, 
800°C). 
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Figure 5. 5. SEM microstructure of annealed Al0.3CoCrFeNi homogenized HEA 
for 60 mins for different deformation percentage and temperatures with low 
magnification and high magnification (precipitates shown) 
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5.3.2. Phase analysis 
 
XRD spectra (Fig. 5.6) of the as-cast alloy showed the formation of simple single 
phase FCC HEA. XRD spectra of 30, 50 and 70% cold deformed alloys confirmed the 
phase stability (no strain induced phase transformation) with single FCC phase (Fig. 
5.6). However, the intensity of the (100) peak was significantly high for the as-cast 
HEA, possibly the result of directional solidification (Fig.5.6 – as-cast). The intensity 
of the (100) peak was reduced progressively with increasing deformation. 
Concurrently, the intensity of the (111) peak was increased which could be due to the 
evolution of crystallographic texture during rolling (Fig.5.6 – 70% deformed). 
 
The XRD spectra revealed the presence of BCC peaks for the 70% deformed (true 
strain ≈ 1.2) alloy annealed at 1000°C (Fig.5.7). This BCC peak could be due to the 
evolution of Al-Ni rich precipitate evolved during annealing as indicated in the 
microstructure and EDS mapping of the 70% deformed followed by annealed at 
1000°C (Fig. 5.4). The volume fraction of Al-Ni rich BCC precipitates was calculated 
from Rietveld analysis and was found to be increased with annealing time (Table 5.3). 
A few alloys did not exhibit BCC peaks (Fig. 5.7 – 2mins and 20 mins) even though 
precipitates were observed in SEM microstructure (Fig. A4), which could be due to 
low volume fraction. Hence, the volume fraction was measured for two and 20 minutes 
of annealed alloys using the SEM microstructure and reported in the Table.5.3. The 
volume fraction of precipitate increased from 0.1% (2 mins) to 0.8% (420 mins) 
(Table. 5.4). It is worth noting here that, apart from the evolution of BCC peaks, no 
strong peak (high intensity) was observed after annealing, resulting in a random 
texture after recrystallization (Fig.5.7). The domination of the rolling texture (high 
intensity peak at (111)) at 900 and 800°C at an early stage of annealing could be due 
to partial recrystallization (presence of deformed structure) (Fig. A5 and A6). The 
XRD results of as-cast, deformed and recrystallized alloys suggest the potential area 
for the future work such as a more detailed assessment of crystallographic texture. 
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Figure 5. 6. XRD spectra of as-cast and deformed Al0.3CoCrFeNi HEA 
 
 
Figure 5. 7. XRD spectra of recrystallization of 70% deformed alloy annealed at 
1000°C 
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Figure 5. 8. XRD spectra of recrystallization of 70% deformed alloy annealed at 
900°C 
 
 
Figure 5. 9. XRD spectra of recrystallization of 70% deformed alloy annealed at 
800°C 
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Table 5. 3. Volume percentage of phases and recrystallization fraction annealing 
at 800, 900 and 1000°C with increasing annealing time 
Annealing 
Temperature (°C) 
Annealing time 
(mins) 
Volume % of 
FCC phase 
Volume % of 
BCC precipitates 
1000 
2 ~100 <0.1 
20 ~100 <0.1 
60 ~99.8 0.2 
420 99.2 0.8 
900 
2 ~100 <0.2 
20 98.6 1.4 
60 95.2 4.8 
200 94.2 5.8 
600 94.2 7.2 
800 
20 98.4 1.6 
60 92.1 7.9 
200 91.2 9.6 
600 90.9 10.1 
 
Phase evolution during recrystallization was investigated in the homogenized alloy. 
XRD spectra revealed that no BCC peaks were evolved with annealing time (Fig. 
5.10). Since the volume fraction of precipitates (<0.1%) was very low for the annealed 
alloy at 1000°C, no BCC peaks were observed in the XRD spectra (Fig.5.11). Since, 
precipitate formation was significantly higher in the alloys annealed at 900°C BCC 
peaks were evolved in the XRD spectra (Fig. 5.12). Nearly 12% of precipitates were 
evolved after 1440 minutes of annealing (Table. 5.4). It could be predicted from the 
XRD results that there is high possibility of random texture for all full recrystallized 
alloys (900, 1000 and 1050°C) (Fig.5.10, 5.11 and 5.12) the same as reported for the 
as-cast HEA (Fig.5.7 - 70% deformed and annealed at 1000°C).  
 
For the alloy annealed at 800°C, it was evident from the XRD results that the evolution 
of BCC peaks (Fig.5.11) were due to the Al-Ni rich BCC precipitates with a volume 
fraction of ~9% for 600 mins (Table. 5.5). The XRD showed the strong peak at (111) 
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the same as as-cast alloys annealed at 900 and 800°C (and cold rolled alloys), which 
could be the effect of partial recrystallization (Fig. 5.5 – 70%, 800°C). 
 
Figure 5. 10. XRD spectra of recrystallization of homogenized and 70% 
deformed alloy annealed at 1050°C 
 
 
Figure 5. 11. XRD spectra of recrystallization of homogenized and 70% 
deformed alloy annealed at 1000°C 
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Figure 5. 12. XRD spectra of recrystallization of homogenized and 70% 
deformed alloy annealed at 900°C 
 
 
Figure 5. 13. XRD spectra of recrystallization of homogenized and 70% 
deformed alloy annealed at 800°C 
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Table 5. 4. Volume percentage of phases, grain size at 900 1000 and 1050°C with 
annealing time for homogenized and 70% deformed Al0.3CoCrFeNi HEA  
 
 
 
 
 
 
 
 
 
 
 
 
Table 5. 5. Fraction of recrystallization and grain size at 800°C with annealing 
time for homogenized and 70% deformed Al0.3CoCrFeNi HEA 
Annealing 
Temperature 
(°C) 
Annealing 
time 
(mins) 
Volume % 
of BCC 
precipitates 
Fraction 
of Rex 
Average 
grain size 
(μm) 
800 
20 1.2 0.1 1.95±0.2 
60 4.9 0.38 1.98±0.3 
200 8.8 0.53 2.28±0.5 
600 9.1 0.67 3.5±0.3 
 
 
5.3.3. Recrystallization kinetics and activation energy 
 
Recrystallization is a thermally activated process which is driven by the stored energy 
of the materials. Stored energy varies with the level of deformation applied on the 
material which controls the nucleation and growth. The parameters that effect on the 
recrystallization behaviour of metals and alloys [103, 104] are namely initial 
Annealing 
Temperature 
(°C) 
Annealing 
time 
(mins) 
Volume % of 
BCC 
precipitates 
Average 
Grain size 
(μm) 
1050 
1 0 11.2±0.3 
2 0 12.3±0.4 
20 0 20.4±0.4 
60 0 24.3±0.6 
200 0 28.2±1.7 
 1440 0 40.5±1.3 
1000 
1 0 5.2±0.5 
2 0 7.3±0.6 
20 0 8.5±0.6 
60 0 11.7±0.3 
 
 
900 
 
2 ~0.1 3±0.2 
20 0.7 5.5±0.3 
60 1.4 6.6±0.3 
200 2 7.1±0.5 
 1440 12 9.2±0.9 
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microstructure of the alloys (grain size and phases), level of deformation (strain) and 
annealing temperature. Minimum level of deformation (critical strain) is required to 
activate the nucleation of recrystallization. Increasing the level of deformation 
decreases the temperature and time for complete recrystallization, which reduces the 
activation energy of recrystallization. Time for complete recrystallization decreases 
with increasing annealing temperature [42]. 
 
Since 30% deformed HEA has very low stored energy, the recrystallization process is 
very slow when compared to highly deformed alloys (Table. 5.2). The recrystallization 
rate is very high at an early stage of annealing for both 70 and 50% deformed alloy at 
1000°C (Fig. 5.14a). In general, the rate of recrystallization is reduced at the end of 
the recrystallization due to site saturation and reduction of stored energy. However, in 
the case of Al0.3CoCrFeNi HEA, including the above reasons, formation of Al-Ni rich 
precipitates and sluggish diffusion behaviour also has a significant effect on the 
reduction in the rate of recrystallization.  
 
Finer grains were observed on 70% deformed alloy during recrystallization than the 
low level deformed alloy, since it has more nucleation sites including the pre-existing 
grain boundary, deformation and shear bands, which act as nucleation sites for 
recrystallization. 
 
The kinetics can be modelled by the JMAK equation (Section 2.2.1.2). The JMAK 
concept is applied to high entropy alloys to determine the kinetics. The volume 
fraction of recrystallization was measured from SEM microstructures for different 
isothermal annealing time intervals (Table. 5.2). The kinetics of recrystallization is 
derived from the slop of the ln t vs ln (ln (1/ (1-Xv))) plot (JMAK plot) (Fig.5.14b). 
The JMAK exponent was derived from the slope of the plot and reported in the 
Table.5.6. A fitting plot is constructed for t vs Xv with the derived B and n value from 
the JMAK plot (Fig. 5.14a and A11, A12 and A13). A similar sigmoidal curve was 
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obtained for the fraction of recrystallization as a function of annealing time, the same 
as for conventional metals and alloy. 
 
Activation energy of static recrystallization was determined from the recrystallization 
study at three different temperatures (800, 900 and 1000°C) for 70% deformed alloy 
(Fig. 5.14c). A graph was plotted ln (1/tR) as a function of 1/T (Section 2.2.1.1) and 
the activation energy was determined from the slope of the plot as 549±132 kJ/mol 
(Fig. 5.14c).   
 
 
Figure 5. 14. Recrystallization behaviour of as-cast HEA (a) t vs Xv, (b) JMAK 
plot and (c) Arrhenius plot (Activation energy) for 70% deformed alloy 
annealed at 800, 900 and 1000°C 
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Table 5. 6. Avrami exponents from the JAMK plot 
 
Since, homogenized alloy evolved full recrystallization within 2 mins of annealing, it 
was difficult to analyse the recrystallization behaviour (requires short annealing time). 
Hence, a grain growth study was performed on the homogenised alloy. The grain size 
was measured including annealing twins (Table 5.4) and a graph plotted for annealing 
time (t) as a function of grain size (D) (Fig. 5.15a). The grain growth kinetics is derived 
from classical theory of grain growth: 
 D୬ െ D୭୬ = kt       Equation 3 
Here, D is the instantaneous grain size at their annealing time (μm), Do is the initial 
grain size (μm), n is the grain growth exponent, t is the annealing time (s) and k is the 
kinetics constant of grain growth. Since annealing was performed on deformed alloy 
where the initial grain size Do can be assumed as equal to zero. Hence we can rewrite 
the grain growth power law equation as given below [46, 210] 
D୬  = kt       Equation 4 
A grain growth exponent n ≈ 5.5±0.1 was derived from the slope of the ln D vs ln t 
plot (Fig. 5.15b). The kinetics constant k (=Dn/t) in the power law equation is related 
in the Arrhenius equation as a function of activation energy of grain growth (Q kJ/mol) 
[103]: 
k = k0 (-Q/RT)      Equation 5 
Temperature (°C) Deformation (%) Avrami exponent (n) 
1000 
30 0.52±0.03 
50 0.32±0.24 
70 0.29±0.16 
900 
50 0.36±0.06 
70 0.22±0.02 
800 70 0.47±0.09 
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Here, k0 is a constant and T is the annealing temperature (K). Activation energy of 
grain growth was calculated as Q = 583±176 kJ/mol from the slope of the 1/T vs ln 
(Dn/t) (Fig. 5.15c). 
 
 
Figure 5. 15. Grain growth behaviour of homogenized and 70% deformed HEA 
annealed at 900, 1000 and 1050°C (a) t vs D (b) ln D vs ln t and (c) Arrhenius 
plot for activation energy 
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5.4. Discussion 
 
5.4.1. Effect of thermo-mechanical process on the evolution of Al-Ni 
rich precipitates 
 
There was no significant phase change observed during cold deformation and 
annealing of HEA at 1000°C except the formation of a very low volume fraction of 
Al-Ni rich precipitates. A significant volume fraction of Al-Ni rich BCC precipitates 
are evolved when annealing at 900 and 800°C. Akira Takeuchi and Akihisa Inoue 
reported the Miedema’s model for ∆Hmix values for atomic pair of elements [75]. The 
enthalpy of mixing of atomic pairs of AlCoCrFeNi HEA is reported in the Table.4.3. 
Thermodynamic principles state that stable phase formation is favoured if the Gibbs 
free energy of the system is minimised. From the Gibb’s free energy equation (Section 
2.1.2) it is clear that the higher entropy of mixing (∆Smix) and higher negative enthalpy 
of mixing (∆Hmix) of this alloy system leads to the formation of a stable phase. The 
stable single phase is expected to form after recrystallization of HEA due to high 
entropy effect [24, 29, 32]. As reported in the Table. 5.4 there is higher possibility of 
Al-Ni phases formation due to higher negative value (∆Hmix = -22 KJ/mol) than the 
other mixing elements [75]. From the EDX results and XRD analysis, it is likely that 
the precipitates formed during annealing are the Al-Ni rich BCC phase also reported 
in literatures [4, 87, 200, 211]. The CALPHAD approach with geometric model 
(thermodynamic approach) and respective experimental results of Al0.5CoCrCuFeNi 
FCC HEA also reported the formation of Al-Ni ordered BCC phase or σ-intermetallic 
phases during heat treating the Al0.5CoCrCuFeNi HEA between 350 to 850°C [87]. A 
B2 BCC precipitates formation also had been reported in the Al0.3CoCrFeNi HEA 
during annealing between 900 – 700°C [4]. The experimental results of our current 
work also indicates that the precipitate formation is highly favourable at 800 and 
900°C [4] in case of Al0.3CoCrFeNi HEA. It has been reported [4] that the improved 
strength was obtained due to the evolution of precipitates during aging in the 
Al0.3CoCrFeNi HEA. Hence, to investigate the effect of precipitates on mechanical 
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properties, a tensile deformation and hardness study was performed and reported in 
the Chapter 7. 
 
Deformation percentage does not have strong effect on the evolution of precipitates. 
The volume percentage of precipitates is similar for 30, 50 and 70% deformed alloy 
during annealing at 1000°C with increasing annealing time. However, annealing 
temperature has a significant effect on the evolution of precipitates. The volume 
fraction of precipitates increased with a decrease in the annealing temperature for both 
as-cast and homogenized HEAs (Fig. 5.16). In other words, precipitates formation is 
increased, when the recrystallization is less pronounced. However, the fraction of 
precipitates are reduced in the homogenised alloy when compared with the as-cast 
HEA for similar processing conditions could be due to the effect of homogenization. 
 
 
Figure 5. 16. Volume percentage of BCC precipitates as a function of annealing 
time for as-cast and homogenised (H1100) HEAs at 800 and 900°C annealing 
temperature 
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5.4.2. The effects of precipitation on recrystallization behaviour 
 
The presence of second phase particles before deformation has a significant effect on 
recrystallization. Particles may stimulate the recrystallization (Particle Stimulated 
Nucleation – (PSN) mechanism) by acting as nucleation sites for recrystallization or 
it may retard the recrystallization by pinning effects which depend on the particle size 
and distribution [42]. PSN has been reported for some of the aluminium, coper, nickel 
and iron alloys with the critical particle size greater than 1 μm [212]. However, PSN 
does not affect the phase fraction during annealing. Some single phase Al alloys form 
precipitates concurrently with recrystallization during isothermal annealing [213]. 
This type of behaviour is complex due to the interaction of precipitates with the 
softening process [42]. Humphreys reported precipitate formation during cold 
deformation and subsequent annealing process for selected aluminium alloy (Al–Mn, 
Al–Sc and Al–Zr) [213]. Time, Temperature and Transformation diagram was 
introduced [213] to analyse the phase transformation and recrystallization behaviour 
of these aluminium alloy systems. The recrystallization behaviour of this type of alloy 
systems can be divided into three regions [42]; 
 
Region I: A temperature below which a significant amount of precipitates form before 
recrystallization nucleates is termed TB (Fig. 5.17 and 5.18). Coarsening of these 
precipitates during the isothermal annealing process retards the recrystallization by 
pinning effect. The recrystallization starts to nucleate after a long annealing time  at 
an isothermal annealing temperature [42]. 
 
Region II: A temperature above which precipitates form after fully recrystallization 
is termed as TA. Temperature between TB to TA (Fig.5.17 and 18), the recrystallization 
nucleates and grow before the formation of a significant amount of precipitates. 
Further increasing the annealing time causes precipitates to nucleate concurrently with 
recrystallization and retards the softening process. An increase in the recrystallization 
fraction primarily depends on the annealing temperature, whereas annealing time is 
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the secondary factor. Increasing the temperature significantly increases the fraction of 
recrystallization. However at a temperature just below TA a significant amount of 
recrystallization occurs before the nucleation of precipitates and complete 
recrystallization is obtained [42].    
 
Region III: Temperature above TA (Fig. 5.17 and 5.18), the recrystallization 
completes before the formation of precipitates and grain growth occurs with a further 
increase in the annealing time [42].   
 
The formation of precipitates concurrent with the recrystallization has been observed 
in Al–Mn, Al–Sc and Al–Zr alloys [213]. Similar behaviour has been observed in the 
present study for the Al0.3CoCrFeNi HEA during annealing after cold rolling. Hence, 
a TTT diagram was adapted for the Al0.3CoCrFeNi HEA system to study the 
interaction of precipitates on recrystallization and grain growth. In this alloy system, 
1000°C is the temperature just below TA (Fig. 5.17) where a significant fraction of 
recrystallization is obtained at the initial stage of annealing. The volume fraction of 
precipitates is similar for all the deformed alloy at 1000°C annealing temperature. The 
subsequent formation of grain boundary precipitates reduces the recrystallization rate 
at 1000°C for 30 (apart from low strain), 50 and 70% deformed alloy, which increases 
the annealing time for complete recrystallization. The recrystallization is very slow at 
900°C for 50 and 70% deformed alloys. As discussed earlier, precipitate formation is 
highly favourable at 800 and 900°C, which could be the main reason for very slow 
recrystallization. From the XRD and SEM analysis it is clear that the formation of Al-
Ni rich BCC phase precipitates concurrent with recrystallization, retarding the 
recrystallization at 800 and 900°C as indicated in the TTT diagram (Fig.5.17).  
 
It has been proposed that higher order randomness or the higher entropy effect in HEA 
leads to the formation of complete solid solution with low vacancy concentration [67]. 
The solid solution and low vacancy concentration affects the movements of atoms 
even at higher temperature and can cause sluggish diffusion behaviour [44, 214]. The 
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mechanism of recrystallization (SIBM) is affected by the sluggish diffusion and 
retards the recrystallization process [43]. Hence, apart from interaction of precipitates, 
sluggish diffusion can also retard the recrystallization during cold rolling followed by 
annealing in Al0.3CoCrFeNi FCC HEA.  
 
 
Figure 5. 17. Schematic TTT diagram for interaction of precipitates with 
recrystallization in as-cast and deformed HEAs annealed at 800, 900 and 
1000°C (Al-Ni precipitates fraction is mentioned only for 70% deformed alloy) 
 
TTT behaviour was plotted for the homogenized alloy the same as for the as-cast alloy.  
As reported in the previous section, grain growth is very slow in this alloy system. The 
Al-Ni rich precipitates were observed during annealing at 900 and 800°C. Hence, 
interaction of precipitates during grain growth was analysed with the TTT diagram as 
shown in Fig.5.18. From the TTT diagram, it could be suggested that 1050°C is 
predicted to be above the TA, where full recrystallization is obtained, followed by grain 
growth without the formation of precipitates. However, 900 and 1000°C are just above 
the TA for 70% deformed alloy since the precipitate formation occurs along the grain 
boundary after full recrystallization. The evolution of precipitates after 
recrystallization interact with the softening process and results to slow grain growth. 
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Since more volume fraction of precipitates was observed at 800°C, the precipitates 
interact with the softening process and retard the recrystallization (only partial 
recrystallization) the same as reported for the as-cast HEA.    
 
 
Figure 5. 18. Schematic TTT diagram for interaction of precipitates with 
recrystallization in Homogenized and 70% deformed HEA annealed at 800, 
900, 1000 and 1050°C  
 
Recrystallization temperature influence on the rate of recrystallization which had been 
reported in detail in literature review (section 2.2.3.3). The activation energy of 
recrystallization can be derived from the Arrhenius equation (as a function of rate of 
recrystallization and activation energy) (Section 2.2.3.3). Activation energy Q = 549 
KJ/mol is calculated for the as-cast Al0.3CoCrFeNi HEA from the slop of the 1/T vs 
ln (1/tR) Arrhenius plot (Fig. 5.15). 
 
The activation energy of the as-cast Al0.3CoCrFeNi HEA was compared with some 
steels and super alloys (Table. 5.7). The activation energy is very high when compared 
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with pure iron and approximately equal to IF steels. The addition large atomic radius 
of solutes (e.g. Nb with atomic radius of r = 146 pm and Ti with r = 147 pm) was 
reported to induce sluggish diffusion behaviour in IF steels [215, 216]. The formation 
of finer carbide/carbosulphide precipitates with Nb and Ti (≤0.1μm) also affected the 
recrystallization (pinning effect) in addition to the solute effect (501.7 kJ/mol). The 
addition of excess amount of solutes (e.g. Nb and Ti) was reported for a significant 
effect on retardation of recrystallization than the precipitates [215, 216]. In the 
Al0.3CoCrFeNi HEA Al has a higher atomic radius r = 143 pm when compared with 
the other mixing elements (rCo = 125 pm, rCr = 128 pm, rFe = 126 pm, rNi = 124 pm). It 
has been reported [217] that Al plays a major role on retardation of recrystallization 
in 80Ni-20Cr alloy. The higher apparent activation energy (549 kJ/mol – 800-1000°C) 
for Al0.3CoCrFeNi HEA could be caused by the addition of large atomic radius of Al 
(r = 143 pm) content.  
 
In general, second phase particles increase the stored energy during deformation. 
Particles act as a nucleation sites (PSN) if the size is greater than ≥ 1 μm [42]. Those 
two effects consequently increases the recrystallization kinetics. Closely spaced 
particles with a size of < 1 μm tends to retard the recrystallization by pining the grain 
boundaries [42]. Turnbull proposed the retardation of boundary migration by second 
phase particle, which abnormally increased the activation energy [218]. It is important 
to note here that the retardation of recrystallization is significantly higher at 800 and 
900°C possibly due to the pinning effect of precipitates (< 1 μm). In the case of 
Al0.3CoCrFeNi HEA precipitate formation is promoted at 900 and 800°C which could 
be below the solvus temperature of Al-Ni rich precipitates. In the Al0.3CoCrFeNi HEA 
it could be proposed that, 1000°C is the solvus temperature of Al-Ni rich precipitates 
by considering the precipitates effect is less at 1000°C (low volume fraction ~0.8%). 
Therefore, reconstructing the Arrhenius plot only with the results of 800 and 900°C 
(precipitates effect), the activation energy increases abnormally (755 kJ/mol) (Fig. 
5.19). Hence, it is evident that precipitates are having significant effect on retardation 
of recrystallization as proposed by Turnbull and as reported for Ni based super alloys 
[218, 219] apart from the solute drag effect of large atomic radius of Al content. 
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Table 5. 7. Comparison of apparent activation energy for recrystallization of 
HEA with steels and super alloy 
 
 
 
 
 
 
 
 
 
Figure 5. 19. Modified Arrhenius plot for as-cast and 70% deformed HEA 
annealed at 800, 900 and 1000°C 
 
The recrystallization behaviour of the homogenized HEA is rapid and completes in a 
few seconds of annealing at 1050, 1000 and 900°C. The homogenized alloy has 
Alloys Activation energy (kJ/mol) 
99.999Fe  85 [220] 
Fe–0.015%Nb  206 [221] 
TiNb-IF steel  501.7 [215] 
Ti stabilised IF steel 500-550 [216] 
TWIP steel- Fe-22Mn-0.6C 229 [222] 
Nimonic 115-Ni based super 
alloy 
790 [219] 
Al0.3CoCrFeNi – HEA  755 (Present work) 
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improved chemical homogeneity compared to the as-cast alloy, which completely 
avoids the formation of precipitates during recrystallization at 1050°C. A very low 
volume fraction of precipitates was observed at 1000°C, however the fraction 
increased with a decrease in the annealing temperature (where the formation of 
precipitates favoured at 900 and 800°C). Grain growth is observed at 1050, 1000 and 
900°C with an increase in the annealing time. Hence a grain growth study was carried 
out on recrystallized HEA.  
 
Grain growth as a function of annealing time was plotted as shown in Fig 5.15a. The 
pinning effect of solute and second phase particles are important parameters for slow 
grain growth. The grain growth exponent has been reported as n = 2 for conventional 
alloys [42, 103]. The grain growth exponent has been derived as n = 3 for 
FeCoCrNiMn HEA [45, 52] and n=4 for CoCrFeNi [46] and it has been proposed that 
the grain growth is controlled by a solute drag mechanism [45, 46] in HEAs. For 
Al0.3CoCrFeNi HEA the exponent is derived from the slope of the ln D vs ln t plot as 
n ≈ 5.5 for the temperature range 900 to 1050°C. The grain growth exponents for all 
the three temperatures are nearly similar (n900°C ≈ 5.77, n1000°C ≈ 5.36, n1050°C ≈ 5.56). 
Since the volume fraction of precipitate is very low at the early stage of annealing at 
900°C, precipitates are not having a significant effect on the grain growth. The slow 
grain growth in this alloy can be due to addition of solutes the same as in the CoCrFeNi 
and CoCrFeMnNi equiatomic alloys [45, 46]. However, grain growth exponent is 
significantly higher when compared with steels and equiatomic alloys (CoCrFeNi and 
CoCrFeMnNi) [45, 46, 222, 223] (Table.5.8) perhaps due to the addition of Al content 
in Al0.3CoCrFeNi HEA.  
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Table 5. 8. Comparison of the grain growth behaviour between homogenized 
Al0.3CoCrFeNi HEAs and steels 
 
 
 
 
 
 
Even though no Al-Ni rich precipitates were observed at 1050 and 1000°C, slow grain 
growth (n ≈ 5.5) in Al0.3CoCrFeNi HEA when compared with the CoCrFeNi and 
FeCoCrNiMn HEA is due to solute drag effect caused by the large atomic radius of 
Al. The volume fraction of precipitates increased with an increase in the annealing 
time at 900°C. The grain growth is significantly reduced with an increase in the 
annealing time when compared with the early stage of annealing at 900°C (Fig. 5.15b). 
Reconstructing the grain growth plot, two different phenomenal grain growth 
behaviour was obtained at 900°C annealing (Fig. 5.20). At the early stage of annealing, 
the grain growth is slower with the grain growth exponent of n = 4.29, which is similar 
to that of 1000 and 1050°C.  However, increasing the annealing time, very slow grain 
growth is achieved (n = 8.39), which can be due to the formation of a greater volume 
fraction of Al-Ni rich precipitates (Fig. 5.20).  Hence, the slow grain growth at 900°C 
is due to the pinning effect Al-Ni rich precipitates in addition to the solute drag effect 
of large atomic radius of Al. 
 
 
 
Alloys Grain growth exponent 
TWIP steel- Fe-22Mn-0.6C 3.9 [222] 
AISI 316L Stainless steel 2.7 [223] 
FeCoCrNiMn HEA 3 [45, 52] 
CoCrFeNi 4 [46]     
Al0.3CoCrFeNi HEA  ~5.5 ( Present work) 
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Figure 5. 20. Grain growth kinetics of homogenized and 70% deformed HEA 
annealed at 900°C 
 
5.5. Conclusions 
 
Cold rolling and annealing of as-cast and homogenized Al0.3CoCrFeNi HEAs were 
analysed and compared on the aspects of their microstructure, recrystallization and 
grain growth behaviour. The following conclusions are derived from the above results 
and discussion of this study: 
 In the 70% deformed as-cast Al0.3CoCrFeNi HEA, a complete recrystallization 
was obtained in 2 mins of annealing at 1000°C. Only partial recrystallization was 
achieved even after 600mins of annealing at 900 and 800°C is due to the 
interaction of Al-Ni rich precipitates which was concurrently evolved during 
recrystallization.  
 Avrami exponents were derived from the JMAK plot for both the as-cast and 
homogenized alloy systems. Activation energy of recrystallization of the as-cast 
Al0.3CoCrFeNi HEA was derived as 549 kJ/mol which is higher when compared 
with the conventional alloy system. This is majorly due to the interaction of Al-Ni 
rich precipitates with the recrystallization.  
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 The formation of precipitates was much lower volume fraction in the homogenized 
alloy during the recrystallization process when compared with the as-cast HEA. 
This is due to an improved chemical homogeneity after homogenization at 1100°C 
for 24 hours. Hence, the recrystallization was rapid and complete recrystallization 
was obtained in 2 mins of annealing at 1050, 1000 and 900°C and subsequent 
increase in the annealing time leads to a grain growth. 
 Grain growth exponents and activation energy were derived as n ≈ 5.5 and 583 
kJ/mol respectively from the classical theory of grain growth in the temperature 
range of 900 – 1050°C. Slow grain growth (n ≈ 5.5) exhibited in Al0.3CoCrFeNi 
HEA at 1050 and 1000°C is due to the solute drag effect by large atomic radius of 
Al. However, grain growth was slower (n ≈ 8.39) at 900°C than at 1050 and 
1000°C is influenced by the pinning effect of Al-Ni rich precipitates in-addition to 
the solute drag effect. 
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6. The Dynamic Recrystallization behaviour of 
AlxCoCrFeNi HEA system 
 
6.1. Introduction 
 
Hot deformation is another key method to improve the mechanical properties of alloy 
by refining the grains through dynamic recrystallization. Understanding the different 
processing conditions are important phenomena in hot deformation processes. Only 
limited studies have been performed on the high temperature deformation behaviour 
of HEAs [39, 40, 43, 51, 181]. Most of the deformation was performed using 
axisymmetric compression test. In the literatures, determination of critical parameters 
of dynamic recrystallization has received less attention. Although there are some hot 
deformation studies performed on duplex HEAs [39, 181] and BCC HEA [51], the 
evolution of microstructure and mechanism of dynamic recrystallization has not been 
explored in detail.  
 
In this work, Plane Strain Compression (PSC) test was chosen for hot deformation 
study to simulate industrial rolling. The effect of different deformation temperature 
and strain rate were studied on single phase Al0.3CoCrFeNi FCC HEA. Critical 
parameters, kinetics, activation energy and mechanism of hot deformation was derived 
from the flow curve and microstructural investigation. Since, Al plays a critical role 
on static recrystallization kinetics of Al0.3CoCrFeNi FCC HEA, it may also have 
significant effect on dynamic recrystallization. Hence, hot deformation was performed 
on CoCrFeNi and CoCrFeMnNi FCC alloys and compared with Al0.3CoCrFeNi FCC 
HEA to investigate the effect of Al on dynamic recrystallization. Other studies have 
shown that, introducing a second phase have significant effect on dynamic 
recrystallization behaviour of alloys and restoration process is complex [126, 224-
227]. Hence, the effect of two (FCC+BCC) phases was studied on dynamic 
recrystallization behaviour of duplex Al0.6CoCrFeNi and Al0.9CoCrFeNi HEAs. 
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6.2. Experimental methods 
 
A hot deformation study was performed using a PSC test using Servotest machine 
(Section 3.5.1) for different deformation temperature, strain rate and strain (Table. 
6.1). Hot deformation requires three different temperature, varying strain rates and 
strain to determine the kinetics and activation energy of hot deformation (Section 
2.2.4.2 and 2.2.4.7). Hot deformation performed on Al0.3CoCrFeNi FCC HEA at 
930°C and strain rate of 0.002 s-1 and strain of 1.5. Only partial recrystallization 
observed for the hot deformed HEA at 930°C. Hence, deformation was performed for 
varying strain rates at 980 and 1030°C (>930°C). Deformation was not performed 
above 1030°C due to machine compliance. Strain rate and strain of hot deformation 
was limited to the given values in Table 6.1, due to limitations of Servotest machine. 
From the initial study of Al0.3CoCrFeNi FCC HEA at 930°C, it is assumed that only 
work hardening will occur in the FCC phase of Al0.6CoCrFeNi and Al0.9CoCrFeNi 
duplex HEAs. Hence deformation was performed at high temperatures (only at 980 
and 1030°C) with increased strain rates on the Al0.6CoCrFeNi and Al0.9CoCrFeNi 
duplex HEAs (Table 6.1).  
 
Samples were heated to the deformation temperature in an induction furnace and held 
for 60s before deformation. The deformation was performed in the pre heated test 
furnace and the samples were quenched immediately after deformation. Hot deformed 
samples were analysed to determine the microstructural evolution using SEM imaging 
and EBSD (Section 3.7.2). All the microstructures reported in this section are in the 
extension (rolling direction which is parallel to scale bar) and loading direction 
(normal direction which is perpendicular to the scale bar) (Fig. 6.1). 
 
The dynamic recrystallization behaviour of Al0.3CoCrFeNi, Al0.6CoCrFeNi and 
Al0.9CoCrFeNi HEAs were examined after homogenization at 1100°C for 24 hours. 
Homogenization was carried out in the Al0.3CoCrFeNi HEA to avoid the effect of grain 
boundary segregation on the hot deformation. The as-cast Al0.6CoCrFeNi and 
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Al0.9CoCrFeNi HEAs undergo phase separation during homogenization to form a 
stable FCC and BCC phase (Section 4.4.2). Hence only homogenized alloys were 
subjected to hot deformation to avoid the effect of phase transformation during 
dynamic recrystallization. 
 
The initial microstructure of Al0.3CoCrFeNi FCC HEA has a coarse columnar 
structure. This coarse columnar grains could have significant effect on dynamic 
recrystallization kinetics. Hence, a study was targeted to determine the effect of grain 
size on dynamic recrystallization. Even though equiaxed grain structure was obtained 
from the static recrystallization study (Chapter 5), it is quite difficult to get the required 
size (35x30x5 mm3) of PSC test sample with equiaxed structure. Therefore, a hot 
deformation study was performed on wrought (fine equiaxed grain) and as-cast (coarse 
columnar grain) 304 stainless steel to determine the effect of initial grain size on 
dynamic recrystallization (Table 6.1). To further access the effect of Al on dynamic 
recrystallization and to compare the behaviour of another HEA from the literature [40], 
hot deformation also performed on FCC CoCrFeNi and CoCrFeMnNi alloys. 
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Table 6. 1. Plane strain compression test schedule for AlxCoCrFeNi (x = 0.3, 0.6 
and 0.9) HEAs 
Alloys Deformation temperature (°C) Strain rate (s
-1) 
Al0.3CoCrFeNi 
1030 
0.002 
0.005 
0.01 
980 0.002 0.01 
930 0.002 
Al0.6CoCrFeNi 1030 
0.002 
0.01 
0.1 
980 0.01 
Al0.9CoCrFeNi 1030 
0.01 
0.1 
1 
980 0.01 
304 SS wrought 1030 0.002 
304 SS as-cast 1030 0.002 
CoCrFeNi 1030 0.002 
CoCrFeMnNi 1030 0.002 
 
 
Figure 6. 1. A schematic representation of Plane Strain Compression sample 
and sectioning the sample for microstructure investigation (ND – normal 
direction, LD – loading direction, RD – rolling direction, ED – extension 
direction, TD – transverse direction, w0 – specimen breadth, h0 – specimen 
height, hf – final height, lf – final length) 
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6.3. Results 
 
6.3.1. Hot deformation flow curves 
 
Hot deformation flow curves of Al0.3CoCrFeNi FCC HEA under different strain rate 
(0.002, 0.005 and 0.01 s-1) and temperatures (930, 980 and 1030°C) are shown in Fig. 
6.2a. The flow curve for the specimens deformed at 980 and 1030°C for the lower 
strain rates showed a work hardening stage and a peak stage followed by flow 
softening (typical dynamic recrystallization behaviour) (Fig. 6.1a, 0.002 and 0.005 s-
1). It is important to note here that only a broadened peak was observed and no steady 
state was obtained even after 1.5 strain.  
 
At 930°C with 0.002 s-1 strain rate, the flow stress of Al0.3CoCrFeNi FCC HEA 
increased progressively with the strain. It exhibited the yield point like phenomena at 
strain 0.1 (Fig. 6.2a) [228]. Peak stress was observed closer to the strain 1.3 followed 
by flow softening. The flow stress for the deformed alloy at 980 and 1030°C with 
strain rate 0.01 s-1 increased progressively (work hardening) and no peak flow stress 
was obtained with increased strain. 
 
High temperature deformation was performed on Al0.6CoCrFeNi (FCC+BCC) HEA 
with different deformation conditions (Fig. 6.2b). At 980°C with strain rate 0.01 s-1 
typical work hardening behaviour was observed up to 1.2 strain. The peak and steady 
state stage not observed at this deformation condition the same as the Al0.3CoCrFeNi 
FCC HEA under the same deformation condition (Fig. 6.2a). However, the peak stress 
was observed followed by steady state softening for an increased deformation 
temperature of 1030°C and at 0.002 and 0.01 s-1 strain rates (Fig. 6.2b). No steady 
state was obtained for the deformed alloy at the strain rate 0.1 s-1, whereas softening 
continues by a decrease in the flow curve even after 1.5 strain without fracture. 
Chapter 6  Dynamic Recrystallization 
135 
 
 
 
Hot deformation flow curves of Al0.9CoCrFeNi (FCC+BCC) HEA consisted of peak 
stress followed by work softening for all the deformation conditions (Fig. 6.2c).  
However, a sharp peak occurred at an early stage of deformation, which was different 
from the peak broadening that occurred in Al0.3CoCrFeNi and Al0.6CoCrFeNi HEAs. 
Steady state was observed for the deformed Al0.9CoCrFeNi HEA at 1030°C with strain 
rate 1. 
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Figure 6. 2. Hot deformation flow curves under different strain rate and 
temperature for a) Al0.3CoCrFeNi HEA, b) Al0.6CoCrFeNi HEA, c) 
Al0.9CoCrFeNi HEA 
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6.3.2. Work hardening behaviour and constitutive equations 
 
Dynamic recrystallization starts at a critical strain during hot deformation (Section 
2.2.4.3). The critical strain can be determined from flow curve analysis or through 
microstructural investigation. The microstructural analysis requires a large quantity of 
samples to be studied and it is difficult to determine new grain formation precisely. 
The flow curve analysis was used to determine the critical parameters for the current 
work. The mathematical modelling for the flow curve investigation was first proposed 
by Knocks and Mecking [229]. Ryan and McQueen reported the existence of a peak 
stress in the flow curve at a constant strain rate (Fig. 6.3), which leads to an inflection 
point in the work hardening curve (Fig. 6.4a) [132, 230] (Section 2.2.4.3). In 
agreement with the irreversible thermodynamics, the inflection point in the work 
hardening curve is due to initiation of dynamic recrystallization (at least 2% of 
recrystallization) [131]. However, the formation of subgrains also has a significant 
effect on the inflection point. Hence, it is difficult to identify the exact point of 
inflection to determine the critical strain. Poliak and Jonas introduced a new analytical 
method to determine the inflection point precisely [131]. In this method, a graph 
plotted between derivatives of work hardening rate with respect to flow stress (-δθ/δσ) 
as a function of flow stress (σ) (Fig. 6.4b). Flow stress at a minimum value of -δθ/δσ 
in the plot (Fig. 6.4b) represent the precise inflection point in the work hardening curve 
(Fig. 6.4a), which is the critical stress for the initiation of nucleation. The critical strain 
was determined with respect to the critical stress referring to the flow curve (Fig. 6.2a). 
 
In the present work, it is quite difficult to determine the critical parameters of duplex 
(FCC+BCC) HEA due to their nature of hot deformation (occurrence of concurrent 
recovery and recrystallization) which will be discussed latter in this chapter (Section 
6.4.1). Hence, the work hardening behaviour of Al0.3CoCeFeNi FCC HEA is only 
reported in this section. 
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Flow curves obtained from the plane strain compression test have a short range noise 
(data fluctuations) which effects the numerical differentiation needed to calculate the 
work hardening rate. The first challenge is to obtain a smooth curve from the noisy 
original flow curve. Polynomial fitting was applied for smoothening the flow curve 
and the ninth order polynomial curve was fitted with the original curve (Fig. 6.3). The 
work hardening rate (θ = δσ/δε) was derived from the fitted curve and plotted as a 
function of stress (Fig. 6.4a). The work hardening rate reduced at the initial stage of 
deformation due to dynamic recovery. No inflection point was observed and second 
stage work hardening started with increased strain (Fig. 6.4a). As reported earlier, it is 
difficult to determine the critical strain from a work hardening curve. Hence the critical 
stress was determined from a plot of flow stress as a function of -δθ/δσ (Fig. 6.4b) and 
the critical strain was determined by referring the critical stress to the flow curve. The 
peak stress (at θ = 0) and strain for all deformation condition was determined from the 
flow curve analysis and reported in Table. 6.2. As expected, critical strain was low (εc 
< 0.5) for the alloy deformed at 1030°C with strain rate 0.002 0.005 and 0.01 s-1, when 
compared with the deformation at 980 and 930°C (Table. 6.2).  
 
 
Figure 6. 3. Polynomial fitting of hot deformation flow curve for Al0.3CoCrFeNi 
FCC HEA (1030°C and 0.002 s-1) (εc – critical strain, σc – critical stress, εp – 
peak strain, and σp – peak stress) 
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Figure 6. 4. Work hardening curve under different strain rates of 
Al0.3CoCrFeNi FCC HEA at 1030°C a) Flow stress as a function of work 
hardening rate (θ) and b) Flow stress as a function of –δθ/δσ 
 
Table 6. 2. Critical and peak stress and strain determined from flow curve 
analysis of Al0.3CoCrFeNi FCC HEA 
Temperature (°C) ઽሶ  (s-1) εc (s-1) σc (MPa) εp (s-1) σp (MPa)
1030 0.002 0.24 55.32 0.88 70.86 
1030 0.005 0.26 70.32 1.03 80.90 
1030 0.01 0.47 92.65 --- --- 
980 0.002 0.68 80.61 1.33 92.73 
980 0.01 0.76 153.42 --- --- 
930 0.002 0.88 116.37 1.36 118.29 
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Critical and peak strain are important parameters of dynamic recrystallization which 
are determined from the flow curve. Critical strain for the initiation of dynamic 
recrystallization and peak strain has been developed from the power law equation 
(Equation 6.1 and 6.2), where strain is a function of Zener-Hollomon parameter [231]: 
εc = αZn               Equation 6.1 
εp = αZn               Equation 6.2 
Constants α and n were determined from the slope and intercept of the ln (ε) vs ln (Z) 
plot (Fig. 6.5a):  
εc = 1.6×10-7 Z0.35              Equation 6.3 
εp = 1×10-2 Z0.11              Equation 6.4 
The critical and peak strain values from the equation (Equation 6.3 and 6.4 – fitted 
plot) was followed closely with the experimental values (Fig.6.5b). As reported in the 
literature, a critical and peak strain ratio was constant for stainless steels [132], C-Mn 
steels, Fe-Ni-C [232] alloys and copper [233] alloys. However, the ratio was not 
constant (slop variation) for the Al0.3CoCrFeNi HEA (Fig. 6.5b). It is worth to noting 
that the ratio (εc / εp) increased with an increase in Z values due to delay in the initiation 
of recrystallization (high strain rate and low temperature). This kind of behaviour is 
observed when the mechanism of restoration changes from dynamic recrystallization 
to dynamic recovery [134].   
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Figure 6. 5. a) ln ε vs ln Z and b) Critical and peak strain as a function of 
Zener-Hollomon parameter for Al0.3CoCrFeNi FCC HEA 
 
A constitutive equation is available for peak stress as a function of Zener-Hollomon 
parameter [234, 235]: 
σp = αZn               Equation 6.5 
Constants α and n were determined from the slope and intercept of the plot, the peak 
stress as a function of Zener-Hollomon parameter (Fig. 6.6). The fitting plot of the 
peak stress showed a good agreement with the estimated peak stress indicating that 
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there is no influence of deformation heating (excess temperature created during 
deformation which could decrease the stress) at the given Z values (Fig. 6.6): 
σp = 0.34 Z0.13       Equation 6.6 
 
 
Figure 6. 6. Peak stress as a function of Zener-Hollomon parameter 
 
6.3.3. Microstructure analysis 
 
6.3.3.1. Dynamic recrystallized microstructure of Al0.3CoCrFeNi HEA 
 
EBSD analysis was performed on the deformed FCC Al0.3CoCrFeNi  HEA to 
determine the evolution of microstructural features during PSC test. Grain boundaries 
and twin boundaries were indicated in black and red colours (no subgrain marked), 
respectively, in the EBSD map for the alloy deformed at 980 and 1030°C with strain 
rate 0.002 s-1 and strain 1.5 (Fig. 6.7a and 6.8a). The EBSD map revealed the presence 
of recrystallized grains with twin boundaries. The misorientation profile indicated that 
the microstructure consisted of HAGB and LAGB (Section 3.7.2.2) (Fig. 6.7b and 
6.8b) due to the partial restoration. 
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In general, new dislocation free grains were created during the high temperature 
deformation process. With a further increase in the deformation, the dislocation 
density is increased in the newly formed grains. The accumulation and annihilation of 
dislocations creates the new sub boundaries (LAGB). Hence the internal structure of 
the recrystallised grains and deformed structure were analysed using EBSD mapping 
(Fig. 6.8c and 6.8d). Grain boundaries with misorientation >0.7°, >1°, >3°, >5°, >15° 
and twin boundaries were represented with aqua, blue, green, yellow, black and red 
colours, respectively. From the EBSD mapping and the misorientaion profile (Fig. 
6.8), the following three types of grains were observed in the internal structure of the 
deformed alloy. 
 
i) Newly formed grains and growing grains (>15°) (Fig. 6.7a-b and 6.8a-b) 
ii) Grains with a moderate level dislocation density (presence of sub boundaries) (Fig. 
6.8c)  
iii) Highly deformed grains (work hardening). It includes pre-existing grains as well 
as recrystallized grain which undergo deformation (Misorientation < 10°) (Fig. 6.8d). 
 
From the EBSD analysis, it is quite clear that the evolution of newly formed grains 
and grains with dislocations indicates that dynamic recrystallization was the 
restoration mechanism in the hot deformed alloys. Hence, further microstructural 
analysis was performed on all of the deformed alloys with SEM imaging to determine 
the microstructural evolution and fraction of recrystallization to investigate the 
kinetics, activation energy and mechanism of dynamic recrystallization. 
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Figure 6. 7. a) EBSD map (Black=HAGB and Red=Twin boundaries) b) 
misorientation profile of deformed Al0.3CoCrFeNi FCC HEA at 980°C with 
strain rate 0.002 s-1 and strain 1.5 
   
 
Figure 6. 8. a) EBSD map (Black=HAGB and Red=Twin boundaries) b) 
misorientation profile c) Internal structure of recrystallized grains [Arrow 
indicates a) Newly formed grains b) Growing grains c) Deformed 
(recrystallized) grains] d) Highly deformed (pre-existing) grains of deformed 
Al0.3CoCrFeNi FCC HEA at 1030°C with strain rate 0.002 s-1 and strain 1.5 
(misorientation >0.7° – Aqua, >1° – Blue, >3° – Green, >5° – Yellow, >15° - 
Black and twin boundaries – Red) 
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The hot deformed Al0.3CoCrFeNi FCC HEA at 930°C with strain rate of 0.002 s-1 is 
shown in Fig. 6.9. The initial homogenized alloy consisted of a columnar structure 
elongated along the loading (solidification) direction (Fig. 4.2c). For deformation 
performed by the PSC test, the material spread was parallel to the extension (rolling) 
direction after deformation (Fig. 6.9). Serrated grain boundaries were formed after the 
critical strain (εc = 0.88) and fine grains started to nucleate along the pre-existing grain 
boundaries (Fig. 6.9 – ε = 1.0). Precipitates were also observed along the pre-existing 
grain boundary as this region is Al rich, as reported in the section 4.3.3. Nearly 7% of 
recrystallized grains were evolved as a layer of the necklace structure (Table. 6.3). 
With deformation beyond the peak strain (ε = 1.5) more recrystallized grain (~19%) 
were formed with a necklace structure formation (Fig. 6.9 – ε = 1.5).  The deformation 
was not performed beyond the strain 1.5 to avoid the machine frictional force (final 
thickness of the materials was 1.3 mm). It is important to note here that the Al-Ni rich 
precipitates were observed along the recrystallized grain boundaries (Fig. 6.9 – ε = 1, 
1.5 and Fig. 6.10), the same as in the static recrystallization study at 900°C (Section 
5.3.1.2). 
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Figure 6. 9. Deformed microstructure of the Al0.3CoCrFeNi FCC HEA at 930°C 
with a strain rate 0.002 s-1 (arrow indicates the gradual transformation of pre-
existing grain boundary from loading (solidification) direction in to extension 
direction with strain and curved shape indicates the serrated grain boundary) 
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Figure 6. 10. EDS of the deformed microstructure of the Al0.3CoCrFeNi FCC 
HEA at 930°C with a strain rate 0.002 s-1 and strain of 1.5 (Al rich precipitates 
along the pre-existing grain boundary and Al-Ni rich precipitates along the 
recrystallized grains) 
 
New grains started to nucleate and grow along the pre-existing grain boundary with 
~11% recrystallization after a strain 1 for the alloy deformed at 980°C with a 0.01 s-1 
strain rate (Fig. 6.11). Most of the pre-existing grain boundaries were decorated with 
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fine grains. It is worth noting here, that no precipitates were observed during 
deformation at and above 980°C.  
 
The microstructure of the hot deformed alloy at 980°C with strain rate of 0.002 s-1 
shown in Fig. 6.12. Fine grains were formed along the pre-existing grain boundary at 
a strain above the critical strain (at ε = 1, where εc = 0.68). Increasing the strain 
increased the fraction of recrystallization (Table. 6.3). The prior grain boundaries were 
decorated to form the necklace structure. As expected from the flow curve (Fig. 6.2a 
– no steady state), complete recrystallization was not obtained (~39% 
recrystallization) even after a 1.5 true strain (Fig. 6.12 – ε = 1.5). The recrystallization 
fraction was calculated for the varying strain level and is reported in the Table. 6.3. 
The recrystallization fraction was significantly higher at 980°C (Fig. 6.12, ε = 1.5, 
~39% Rex) when compared with 930°C (Fig. 6.9, ε = 1.5, 19% Rex) for 0.002 s-1 
strain rate. It is also evident that a decrease in the strain rate at 980°C induced a 
significant increase in the recrystallization fraction when compared with higher strain 
rate deformation (Table 6.3). 
 
  
Figure 6. 11. Deformed microstructure of the Al0.3CoCrFeNi FCC HEA at 
980°C with a strain rate 0.01 s-1 
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Figure 6. 12. Deformed microstructure of the Al0.3CoCrFeNi FCC HEA at 
980°C with a strain rate 0.002 s-1 
 
At 1030°C with a strain rate 0.01 s-1 and strain of 1.1, the deformation load limit was 
reached beyond the critical level of the PSC tool (>85 kN), the same as previous 
deformation temperature (980°C, 0.01 s-1). Hence deformation was not performed 
above 1.1 strain. Nucleation had commenced and a limited number of recrystallized 
grains decorated the prior grain boundaries at the strain of 0.7 (where εc = 0.47) (Fig. 
6.13 – ε = 0.7). Since peak and steady state was not obtained at this deformation 
condition, the recrystallization fraction was very low (13% Rex) and only a partially 
recrystallized structure was obtained after a strain of 1.1 (Fig. 6.13 – ε = 1.1).  
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Deformation was performed at a lower strain rate (0.005 s-1) and grains nucleated at a 
strain of 0.5, where the critical strain was determined as 0.26 from the flow curve 
analysis (Fig. 6.2a). Since the true strain of 1 was nearly the peak strain in the flow 
curve, the recrystallization fraction increased (~23%) significantly compared to a 
strain of 0.5 (~4%) (Fig. 6.14). Nearly 32% of recrystallization was observed after 1.5 
strain. 
 
Decreasing the strain rate to 0.002 s-1, the deformed microstructure (Fig. 6.15) showed 
a significant increase in the fraction of recrystallization when compared to the 
relatively higher strain rates of 0.01 and 0.005 s-1 (Table 6.3). For a strain above the 
critical strain ε = 0.5 (εc = 0.24), the recrystallization nucleated along the pre-existing 
grain boundaries (Fig. 6.15 – ε = 0.5). As expected the recrystallization fraction was 
significantly higher than 0.005 s-1 strain rate. A necklace structure was observed, 
consuming the pre-existing grain boundaries at a strain of 1 (εp = 0.88). Nucleation 
and growth of grains was observed and the subsequent layer of the necklace structure 
formed after a true strain of 1.5 (Fig. 6.15 – ε = 1.5). Complete recrystallization was 
not obtained the same as the previous deformation condition, and the deformation 
structure was present even after 1.5 strain. The percentage of recrystallization for all 
tested conditions is summarized in Table 6.3. 
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Figure 6. 13. Deformed microstructure of the Al0.3CoCrFeNi FCC HEA at 
1030°C with strain rate of 0.01 s-1 
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Figure 6. 14. Deformed microstructure of the Al0.3CoCrFeNi FCC HEA at 
1030°C with strain rate of 0.005 s-1 
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Figure 6. 15. Deformed microstructure of the Al0.3CoCrFeNi FCC HEA at 
1030°C with strain rate of 0.002 s-1 (Recrystallized and deformed structures are 
indicated with red and blue colours, respectively) 
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Table 6. 3. Recrystallization fraction and critical strain for different deformation 
conditions for the Al0.3CoCrFeNi FCC HEA 
Temperature 
(°C) 
ઽሶ  (s-1) εc ε % of DRX 
1030 0.002 
 0.5 7.2±0.8 
0.24 1 30.9±3 
 1.5 59.7±2 
1030 0.005 
 0.5 3.7±1.2 
0.26 1 23.2±3.6 
 1.5 31.6±3.4 
1030 0.01 
 0.7 3.9±0.7 
0.47 0.9 7.9±1.4 
 1.1 12.8±1 
980 0.002 
 1 18±1.1 
0.68 1.2 30±3.8 
 1.5 39.1±4.8 
980 0.01 0.76 1 11.1±0.8 
930 0.002 
 1 6.6±1 
0.88 1.2 8.1±0.6 
 1.5 18.8±1.9 
 
6.3.3.2. Dynamic recrystallized microstructure of the Al0.6CoCrFeNi 
(FCC+BCC) HEA 
 
The initial microstructure of the as-cast alloy produced from the arc melting furnace 
consisted of a columnar dendritic structure (Section 4.3.3). The dendritic and inter-
dendritic structures were identified as FCC and BCC phases, respectively. Phase 
separation occurred during the homogenization heat treatment at 1100°C which was 
discussed in detail in Chapter 4 (Section 4.4.2).  The needle shaped Al-Ni rich BCC 
phase evolved along the FCC matrix (~77%) in-addition to the inter-dendritic BCC 
phase (~23%). EBSD mapping indicated a very small quantity of LAGB along the 
FCC and BCC phase nearby the inter-dendritic regions (Fig. 6.16), which could be 
due to the internal stress (lattice distortion) created along the interface between the 
dendritic (FCC) and inter-dendritic (BCC) structure. 
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Deformation of the Al0.6CoCrFeNi (FCC+BCC) HEA at 980°C showed work 
hardening behaviour for strain rate of 0.01 s-1 (Fig. 6.2b). However at 1030°C the flow 
curve indicated the work hardening at the early stage of deformation followed by 
softening could be due to the evolution of dynamic recovery and recrystallization. 
Hence, a microstructural study was carried out for the deformed alloys at 1030°C for 
varying strain rate and strain. It was quite challenging to resolve the recrystallization 
behaviour in the two phase structure through SEM analysis due to the absence of 
necklace formation and the evolution of substructure. Therefore, only EBSD analysis 
was performed to determine the microstructure evolution and mechanism of 
recrystallization.   
 
EBSD mapping was performed on the PSC deformed Al0.6CoCrFeNi (FCC+BCC) 
HEA at 1030°C and a strain rate of 0.002 s-1 (Fig. 6.17). No significant phase 
transformation was observed even after 1.5 strain when compared with the 
homogenized alloy. Substructures were observed in the FCC and BCC phases at lower 
strain (Fig. 6.17 – ε = 0.5). Few HAGBs were observed in both the phases which is 
evidence of the evolution of dynamic restoration. Increasing the strain increased the 
volume of HAGB in the FCC and BCC phases (Fig. 6.17 – ε = 1). At strain of 1.5, a 
significant decrease in LAGBs was observed in the FCC phase compared with the 
strain of 1. No significant microstructural changes were observed in the BCC phase 
above the strain of 1. The fraction of LAGBs and HAGBs were similar in the BCC 
phase after deformation to strains of 1 and 1.5.   
 
Microstructural changes that occurred during hot deformation at 1030°C with strain 
rate of 0.01 s-1 were analysed and reported in the Fig. 6.18. The frequency of HAGBs 
in the FCC phase increased with increasing strain level. No significant changes were 
observed in the BCC phase at a higher strain level which was a similar behaviour as 
deformation performed at a 0.002 s-1 strain rate. As expected, the fraction of HAGBs 
of FCC and BCC phases were less after deformation with 0.01 s-1 than at 0.002 s-1 
strain rate for all of the deformation strain levels.   
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To study the effect of strain rate, deformation was performed at 1030°C with 0.1 s-1 
(comparatively higher strain rate than previous deformation conditions). The 
microstructure of the FCC and BCC phases at higher strain level consisted of a 
significant amount of LAGB (Fig. 6.19). However HAGBs were more than LAGBs, 
suggesting that there was a progress of recrystallization in both FCC and BCC phases, 
the same as the previous deformation conditions. From the results, it could be 
suggested that the decreasing strain rate increased the HAGB and improved the 
amount of dynamic recrystallization. The morphology of the microstructure also 
changed from dendritic columnar to equiaxed structure in the both FCC and BCC 
phases with an increase in the strain. It is worth noting that continues inter-dendritic 
BCC structure in the homogenized Al0.6CoCrFeNi HEA changed to desecrate 
equiaxed structure after thermo-mechanical process.   
 
 
Figure 6. 16. EBSD map and misorientation profile of the homogenized 
Al0.6CoCrFeNi (FCC+BCC) HEA (H1100 – homogenized at 1100°C for 24 
hours) (FCC – blue, BCC – green, LAGB – white, HAGB – black and twins - 
red) 
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Figure 6. 17. EBSD map and misorientation profile of the deformed 
Al0.6CoCrFeNi (FCC+BCC) HEA at 1030°C with strain rate 0.002 s-1 (FCC – 
blue, BCC – green, LAGB – white, HAGB – black and twins - red) 
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Figure 6. 18. EBSD map and misorientation profile of the deformed 
Al0.6CoCrFeNi (FCC+BCC) HEA at 1030°C with strain rate 0.01 s-1 (FCC – 
blue, BCC – green, LAGB – white, HAGB – black and twins - red) 
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Figure 6. 19. EBSD map and misorientation profile of the deformed 
Al0.6CoCrFeNi (FCC+BCC) HEA at 1030°C with strain rate 0.1 s-1 (FCC – blue, 
BCC – green, LAGB – white, HAGB – black and twins - red) 
 
The average misorientation and linear intercept of the LAGBs and HAGBs of the 
deformed Al0.6CoCrFeNi (FCC+BCC) HEA at 1030°C and a strain rate of 0.01 s-1 are 
shown in the Fig. 6.20. The average misorientation of the subgrain (LAGB)/grain 
(LAGB) increased in both the FCC and BCC phases with an increase in the strain. 
Consequently, a decrease in the subgrain/grain size was observed in the FCC phase 
with an increase in the strain. The subgrain size in the BCC phase increased (Fig. 
6.20a) with an increase in strain, however grain size decreased with strain during 
deformation at 1030C and strain rate of 0.01s-1 (Fig. 6.20b). Similar behaviour was 
observed during deformation at 1030°C and strain rates of 0.002 and 0.1 s-1. 
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Figure 6. 20. Average linear intercept and misorientation of FCC and BCC 
phase as a function of strain for the Al0.6CoCrFeNi HEA 1030°C and a strain 
rate of 0.01 s-1 a) LAGB and b) HAGBs 
 
6.3.3.3. Dynamic recrystallized microstructure of the Al0.9CoCrFeNi HEA 
 
A detailed study of the as-cast, homogenization and phase separation during 
homogenization of Al0.9CoCrFeNi HEA was discussed in the Section 4.4.2. EBSD 
map for homogenized alloy showed the presence of FCC (blue), BCC (green) and twin 
boundaries (red) (Fig. 6.21). Nearly ~62% BCC and ~38% FCC were observed in the 
Al0.9CoCrFeNi HEA.  
Phase transformation was not observed during deformation at 1030°C and a strain rate 
of 0.01 s-1 up to a strain of 1 (~64% BCC and ~36% FCC phases) (Fig. 6.22). A large 
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fraction of HAGB was observed in the FCC phase at a strain of 0.5 (Fig. 6.22 – ε = 
0.5). No significant changes were observed when increasing the strain to 1 (Fig. 6.22 
– ε = 1), suggesting that increasing the strain above 0.5 did not have significant effect 
on the FCC phase. However, the BCC phase showed a significant effect on the 
microstructure with increased strain. The fraction of HAGB increased after a strain of 
1, when compared with a strain of 0.5, suggesting the progress of dynamic restoration 
in the BCC phase.  
 
The progress of dynamic recrystallization decreased after increasing the strain rate to 
0.1 s-1 (Fig. 6.23) when compared with previous deformation condition (strain rate 
0.01 s-1). However, a significant change in the microstructure was observed in both 
FCC and BCC phases, after increasing the deformation strain from 0.5 to 1. The 
progressive increase in HAGB was observed in the FCC and BCC phases. However, 
the HAGB of the FCC phase was more at a strain of 0.5, suggesting that a significant 
amount of recrystallization occurred at this strain level. Consequently the large 
fraction of LAGBs formed in the BCC phase could be due to dynamic recovery (ε = 
0.5). HAGBs were increased with increased deformation strain (ε = 1) and indicated 
the progress of dynamic restoration in both the FCC and BCC phases, which is very 
similar to the 0.01 s-1 strain rate. It is worth noting that, the microstructure for coarse 
FCC phase in the homogenized Al0.9CoCrFeNi duplex HEA changed to a very 
distributed and refined structure after hot deformation. 
 
From the EBSD map and misorientation profile, it was evident that there is a high 
frequency of LAGB in the BCC phase with very low HAGB at deformation strain rate 
1 s-1 (Fig. 6.24). A nearly equal fraction of LAGB and HAGBs were observed in the 
FCC phase. The formation of HAGB at this deformation condition was significantly 
lower, when compared with the lower strain rate deformation. The progress of 
restoration increased with decreasing strain rate as in the Al0.6CoCrFeNi HEA. 
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The average linear intercept and misorientation of the subgrain (LAGB) and grain 
(HAGB) of the deformed Al0.9CoCrFeNi (FCC+BCC) HEA at 1030°C and a strain 
rate of 0.01 s-1 are shown in the Fig. 6.25. The average misorientation of subgrain and 
grain increases in both the FCC and BCC phases with an increase in strain, the same 
as in the Al0.6CoCrFeNi (FCC+BCC) HEA. Consequently, a decrease in the subgrain 
size was observed in the FCC phase with an increase in the strain (Fig. 6.25a). 
However, the change in the grain size was limited in the FCC phase (Fig. 6.25b). 
Subgrain/grain size increased in the BCC phase with an increase in the strain. The 
deformation at 1030°C with strain rates of 0.1 and 1 s-1 also showed a similar 
behaviour with an increase in the strain.  
 
  
Figure 6. 21. EBSD map and misorientation profile of the homogenized 
Al0.9CoCrFeNi HEA (FCC – blue, BCC – green, LAGB – white and twins – red) 
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Figure 6. 22. EBSD map and misorientation profile of the deformed 
Al0.9CoCrFeNi (FCC+BCC) HEA at 1030°C with a strain rate of 0.01 s-1 (FCC – 
blue, BCC – green, LAGB – white and twins – red) 
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Figure 6. 23. EBSD map and misorientation profile of the deformed 
Al0.9CoCrFeNi (FCC+BCC) HEA at 1030°C with a strain rate of 0.1 s-1 (FCC – 
blue, BCC – green, LAGB – white and twins – red) 
 
  
Figure 6. 24. EBSD map and misorientation profile of the deformed 
Al0.9CoCrFeNi (FCC+BCC) HEA at 1030°C with a strain rate of 1 s-1 (FCC – 
blue, BCC – green, LAGB – white and twins – red) 
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Figure 6. 25. Average linear intercept and misorientation of the FCC and BCC 
phase as a function of strain for the Al0.9CoCrFeNi HEA at 1030°C and a strain 
rate of 0.01 s-1 a) LAGB and b) HAGBs 
 
6.3.4. Determination of activation energy and kinetics of dynamic 
recrystallization 
 
Dynamic recrystallization depends on the deformation temperature, strain rate and 
strain. In general, the flow curve reaches the peak point followed by a steady state 
condition. This type of single peak flow curve is obtained when the deformation is at 
high temperature with moderate to high strain rate [42]. In general, the steady state is 
obtained with increasing strain for all the deformation temperature and strain rate, 
when there is a balance between work hardening and softening (recovery and 
Chapter 6  Dynamic Recrystallization 
166 
 
 
 
recrystallization). Hence, the strain is considered as a non-variable parameter. The 
most predominant equation has been proposed [129] by Sellars and Tegart to describe 
the hot working conditions with the use of hyperbolic sine function as a function of 
Zener-Hollomon parameter (Z s-1) (Section 2.2.4.2):  
Z = A sinh (ασp)n = expቀ ொோ்ቁ     Equation 6.7 
Since, at least three deformation temperature results are needed for the evaluation of 
activation energy, activation energy of deformation determined only for 
Al0.3CoCrFeNi HEA. At a strain rate of 0.01 s-1, the work hardening was observed 
without peak stress (Fig. 6.2a). Hence, ln  vs ln [sinh (ασp)] was plotted only with 
two strain rates (two points) (0.002 and 0.005 s-1) at a constant temperature of 1030°C 
(Fig. 6.26d) to determine the constant n (n = 5.27±0.52). Since, two point only used 
to determine constant values, 10% error value was included to calculate activation 
energy. The constant A was derived from the slope of the plot shown in Fig. 6.26a. 
The value of stress multiplier α (=β/n1) was determined from the Equation 2.16. β and 
n1 was derived from the plot as shown in Fig. 6.26b and c. The activation energy of 
hot deformation (Q = 513±35 kJ/mol) was determined from the slope of the ln [sinh 
(ασp)] vs 1/T plot (Fig. 6.27).  
Z = 166.83 sinh (0.013 σp)5.27     Equation 6.8 
Z =expቀହଵଷଶ଺଴ୖ୘ ቁ      Equation 6.9 
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Figure 6. 26. Plots for determination of independent of temperature a) A, b) β, 
c) n1 d) n Al0.3CoCrFeNi FCC HEA 
 
 
Figure 6. 27. Arrhenius plot for apparent activation energy of dynamic 
recrystallization for Al0.3CoCrFeNi FCC HEA 
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Dynamic recrystallization is a thermally activated process where the fraction of 
material recrystallized increases with deformation temperature and decreasing strain 
rate (low Z) [42]. At ε > εc, the nucleation started to evolve and continued to grow 
with strain. In general, the rate of recrystallization is rapid at the early stage of 
deformation (ε > εc) and reduced further increasing the strain due to the site saturation 
which follows the Avrami kinetics, as per in the static recrystallization process.  The 
Avrami kinetics can be modelled using the JMAK equation as given below (Section 
2.2.4.7): 
XDRX = 1 – exp [-k(ε-εc)n]      Equation 6.10 
The Avrami exponent ‘n’ was determined from the slope of the JMAK plot (Fig. 
6.28b) for different deformation conditions (Table. 6.4). The Avrami kinetics value 
decreased with an increase in the strain rate. This could be due to the availability of 
less loading time to evolve the recrystallized grains. The plot for the strain as a 
function of fraction of recrystallization showed a typical sigmoidal curve of JAMK 
kinetics (Fig. 6.28a) and final strain (εf) for full recrystallization can be derived from 
this plot. 
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Figure 6. 28. Dynamic recrystallization kinetics for the Al0.3CoCrFeNi FCC 
HEA a) Dynamic recrystallization as a function of strain b) Avrami plot 
 
 
 
 
 
Chapter 6  Dynamic Recrystallization 
170 
 
 
 
Table 6. 4. Avrami exponents for different deformation conditions for 
Al0.3CoCrFeNi FCC HEA 
Temperature (°C) έ (s-1) n 
1030 0.002 1.6 
1030 0.005 1.5 
1030 0.01 1.2 
980 0.002 0.97 
930 0.002 0.66 
 
An initiation of the steady state stage in the flow curve is the indication of full 
recrystallization. Since the Al0.3CoCrFeNi FCC HEA did not achieve the steady state 
stage under the test conditions performed in this work, it is difficult to predict the final 
strain (εf) for full recrystallization from the flow curve analysis. However, the final 
strain for complete recrystallization (XDRX ≈ 1) can be estimated from the JMAK plot 
(Fig. 6.28a). The final strain has a relationship with the power law function of Zener-
Hollomon parameter the same as the peak and critical strain (Fig. 6.29) [231]. The 
exponent n value was calculated from the slope of the plot, the strain as a function of 
Z as n = 0.42 and intercept α = 1.53×10-7.  
εf = αZn             Equation 6.11 
εf = 1.53×10-7 Z0.42            Equation 6.12 
From Equation 6.12, the final strain can be calculated for various Zener Hollomon 
parameters (various temperatures and strain rates). For example, a final strain was 
calculated for the deformation condition at 1030°C with a strain rate of 0.002 s-1 as εf  
≈ 3.9. However, deformation was not performed to the final strain (εf  ≈ 3.9 but 
performed is ε  = 1.5) due to machine compliance such as to avoid the frictional effect 
and tooling failure.  
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Figure 6. 29. Final strain for complete recrystallization as a function of Zener-
Hollomon parameter 
 
6.3.5. Hot deformation behaviour of 304 Stainless Steel and 
CoCrFeNi and CoCrFeMnNi FCC HEAs 
 
As mentioned in the experimental section (Section 6.2), hot deformation was 
performed at 1030°C and strain rate of 0.002 s-1 on wrought 304SS with equiaxed 
structure (27 μm) (Fig. 6.30a) and as-cast 304 stainless steel with coarse columnar 
structure (an average length of ≈ 280 μm and width of ≈ 175 μm) (Fig. 6.31a) to 
determine the effect of initial grain size on dynamic recrystallization. Flow curve of 
as-cast 304SS (Fig. 32) exhibited a continuous decrease in the flow stress with an 
increase in the strain. A multiple peak cyclic flow curve was observed in the fine grain 
structured 304SS (Fig. 6.32). Critical strain for the initiation of dynamic 
recrystallization was lower in fine grain structured 304SS than coarse as-cast 304SS. 
The completion of first peak was observed at 0.36 strain and next cycle of dynamic 
recrystallization continues with an increase in strain. Dynamic recrystallized 
microstructure of wrought and as-cast 304SS is shown in Fig. 6.30b and Fig. 6.31b, 
respectively. Partially recrystallized microstructure was obtained for both as-cast and 
wrought 304SS.    
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Figure 6. 30. SEM microstructure of a) Wrought 304 stainless steel b) Deformed 
structure at 1030°C with strain rate 0.002 and 1.5 strain 
 
  
Figure 6. 31. SEM microstructure of 304 stainless steel a) Homogenized at 
1100°C for 5 hrs b) Deformed structure at 1030°C with strain rate 0.002 s-1 and 
1.5 strain 
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Figure 6. 32. Flow curves for wrought and arc melted 304 stainless steels 
deformed at 1030°C with strain rate 0.002 s-1 
 
Hot deformation performed at 1030°C and strain rate of 0.002 s-1 (Fig. 6.33) for 
homogenized CoCrFeNi and CoCrFeMnNi FCC HEAs to determine the effect of Al 
on dynamic recrystallization behaviour of Al0.3CoCrFeNi FCC HEA. Peak stress was 
observed at lower strain in the CoCrFeNi and CoCrFeMnNi HEAs than the 
Al0.3CoCrFeNi HEA. Homogenized CoCrFeNi (Fig. 6.34a) and CoCrFeMnNi (Fig. 
6.35a) FCC HEAs exhibit columnar coarse grain structure along the solidification 
direction. Only partially recrystallized microstructure was obtained in CoCrFeNi (Fig. 
6.34b - 89% Rex) and CoCrFeMnNi (Fig. 6.35b - 74% Rex) FCC HEAs. Fraction of 
recrystallization was higher in CoCrFeNi and CoCrFeMnNi HEAs than the 
Al0.3CoCrFeNi HEA (Table 6.5).    
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Figure 6. 33. Flow curves of HEAs deformed at 1030°C with strain rate 0.002 s-1 
  
  
Figure 6. 34. Microstructure of a) Homogenized CoCrFeNi HEA b) Deformed 
structure at 1030°C with strain rate 0.002 and 1.5 strain 
  
Figure 6. 35. Microstructure of a) Homogenized CoCrFeMnNi HEA b) 
Deformed structure at 1030°C with strain rate 0.002 and 1.5 strain 
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Table 6. 5. Critical parameter of dynamic recrystallization of HEAs and 304 
Stainless steels 
Alloys Critical strain 
Critical 
stress (MPa)
Peak 
strain 
Peak stress 
(MPa) 
% of DRX 
(ε=1.5) 
CoCrFeNi 0.23 68.47 0.38 70.54 89.1±2 
CoCrFeMnNi 0.23 66.04 0.44 66.81 74±1.6 
Al0.3CoCrFeNi 0.24 55.32 0.88 70.86 59.7±2 
304SS-arc melt 0.23 50.65 0.42 53.38 86.3±1.7 
304SS wrought 0.06 44.9 0.18 49.95 76.6±1.8 
 
6.4. Discussion 
  
6.4.1. Effect of crystal structure on flow curve behaviour of 
AlxCoCrFeNi HEA system 
 
The FCC HEA was characterized as a low SFE material due to the formation of 
deformation and annealing twins [37]. In general the flow curve of low SFE materials 
consists of work hardening followed by a peak and steady state stage. The mobility of 
dislocations is limited which can cause limited dynamic recovery and results in 
dynamic recrystallization [42]. In the Al0.3CoCrFeNi FCC HEA a typical single peak 
flow curves (work hardening followed by flow softening) represent that the 
discontinuous dynamic recrystallization is the major restoration mechanism for the 
deformed alloy at 930, 980 and 1030°C with a strain rate of 0.002 s-1 (Fig. 6.2a) [42]. 
However, in contrast to the above conditions, increasing the strain rate to 0.01 s-1, the 
flow stress increased without a peak or steady state stage. The flow curve showed a 
typical work hardening behaviour even at 1030°C (Fig. 6.2a and 6.30 for strain rate = 
0.01 s-1 – Z=3.7x1018) which is similar to the behaviour observed in the steels, 
austenitic stainless steel and super alloys for the deformation at high strain rate and 
low temperature (e.g at 850°C and 0.1 s-1) [234, 236-242]. The flow curve showed low 
softening (no steady state for all the deformation conditions) even at high temperature 
and lower strain rate (1030°C, 0.002 s-1) which could be due to the reported sluggish 
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diffusion behaviour of the HEA [43-46],  in a similar way reported in the static 
recrystallization chapter (Section 5.4.2). 
 
In the BCC phase (high SFE) material, the flow behaviour is different when compared 
with FCC alloy, where climb and cross slip can be activated at high temperature 
deformation. Annihilation of dislocation leads to dynamic recovery, whereas the flow 
curves of the high SFE materials were found to have peaks followed by steady state 
stage due to the equilibrium between work hardening and recovery [243]. Hence, the 
recrystallization behaviour of the duplex alloy is complex due to the nature of the 
different deformation behaviour of the two phases [126, 224-227, 244]. For example 
in duplex stainless steel, dynamic recovery and recrystallization has been reported as 
the restoration mechanism for ferrite (BCC – high SFE) and austenite (FCC – low 
SFE), respectively [180, 224, 225, 245, 246]. It has been suggested [126] that at an 
early stage of deformation, the deformation strain is concentrated in the BCC phase 
which leads to strain partitioning between the FCC and BCC phases. The strain 
partitioning between the two phases could induce complexity in the hot deformation 
behaviour of the duplex alloys. Since, the volume fraction of BCC is less (23%) in 
Al0.6CoCrFeNi HEA, load transfer could have occurred from the BCC to the FCC 
phase to maintain the continuity with an increase in the strain. The load transfer could 
be the reason for the increased flow stress (work hardening in FCC phase) at an early 
stage of deformation and lead to dynamic softening with increasing strain (Fig. 6.30 – 
Al0.6). It has been reported [225] that the load is equally distributed in the duplex 
structure for high strain rate deformation and results in dynamic recovery with 
constant flow stress for duplex stainless steel. It is important to note here that the flow 
stress is approximately constant up to the strain 0.8 for the deformed alloy at 1030°C 
with strain rate 0.1 s-1, possibly the result of dynamic recovery (Fig. 6.2b). However 
the flow stress decreased above the strain 0.8 is due to dynamic recrystallization in the 
FCC and BCC phase. 
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A steady state flow curve obtained for the deformed Al0.9CoCrFeNi (FCC+BCC) HEA 
at 1030°C with strain rate 1 (Fig. 6.2c) was the same as the hot deformation behaviour 
of AISI 430 ferritic stainless steel where dynamic recovery was the major restoration 
mechanism [243]. As the BCC phase was dominant in the Al0.9CoCrFeNi HEA, the 
continuous softening (Fig. 6.2c – Al0.9) could be due to dynamic softening in the BCC 
phase. The load transfer between the BCC to the FCC could cause the work hardening 
at the early stage of deformation the same as reported in the Al0.6CoCrFeNi HEA (Fig. 
6.2b – Al0.6). The flow stress reduction with strain may be attributed to dynamic 
softening in the BCC (dynamic recovery) and FCC (dynamic recrystallization) phases 
[126]. 
 
Determination of the critical strain in the duplex alloy is quite difficult from the work 
hardening curve due to the different restoration mechanisms in the BCC and FCC 
phases [126]. In the case of the duplex Al0.6CoCrFeNi HEA the work hardening rate 
is reduced and reached zero at the peak stress (strain) (Fig. 6.36 – Al0.6). The work 
hardening rate reduced gradually with strain is due to dynamic recovery in the BCC 
phase and dynamic recrystallization in the FCC phase (due to load transfer).  In the 
case of Al0.9CoCrFeNi HEA, the work hardening rate also reduced at an early stage of 
deformation and reached θ = 0 at the peak stress due to dynamic restoration (Fig. 6.36 
– Al0.9). The work hardening rate decreased to a negative value (~ -125 MPa) and then 
increased after 0.1 strain. The work hardening rate approaches zero at higher strain 
which is typical behaviour of steady state strain (complete recrystallization) [243]. 
However the presence of subgrain boundaries (partial restoration) in the 
microstructure doesn’t satisfy the steady state condition. This result shows that 
different softening mechanisms are involved during hot deformation in the duplex 
HEA and this is discussed in the following section.  
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Figure 6. 36. Work hardening curve of hot deformation behaviour of 
AlxCoCrFeNi HEA system at 1030°C with strain rate 0.01 s-1  
 
6.4.2. Microstructural evolution and mechanism of dynamic 
recrystallization 
 
In general, new grains evolve at the pre-existing grain boundaries which acts as 
nucleation sites for recrystallization.  It has been reported that the necklace structure 
formation is promoted when there is a large difference between the recrystallized 
(DDRX) and initial (D0) grain sizes (Section 2.2.4.4) [42]. From the microstructural 
investigation of the recrystallized alloy it is clearly visible that necklace structure 
formation in this alloy might be due to large difference between the recrystallized 
grains (DDRX = 17 μm for the deformed alloy at 1030°C, 0.002 s-1) and the initial coarse 
columnar grains (average length ≈ 650 μm and average width ≈ 180 μm). At strain 0.5 
(εc = 0.24 at 1030°C and 0.002 s-1) new grains evolved at the pre-existing grain 
boundary (Fig. 6.31). Further increasing strain to 1 (εp = 0.88) new grains start to 
consume all of the pre-existing grain boundary and consecutive layer of necklace 
structure started to nucleates with increased strain (ε = 1.5). The evolution of the 
necklace structure and single peak flow curve indicates that discontinuous dynamic 
recrystallization could be the mechanism of dynamic recrystallization for the 
Al0.3CoCrFeNi FCC HEA (Section 2.2.4.4) [136].   
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Complete recrystallization is not obtained even after 1.5 strain at 1030°C and strain 
rate 0.002 s-1 with the high activation energy of hot deformation as 513 kJ/mol which 
may be attributed to sluggish diffusion behaviour of HEA. 
 
 
Figure 6. 37. Schematic representation of necklace structure formation during 
dynamic recrystallization (1030°C and 0.002 s-1) of Al0.3CoCrFeNi FCC HEA 
 
The initial microstructure of homogenized Al0.6CoCrFeNi (FCC+BCC) HEA 
consisted of ~77% FCC and ~23% BCC. No phase transformation occurred at the 
deformation temperature of 1030°C and the phase fraction remained the same as in 
the homogenized HEA. The co-existence of soft BCC (more active slip systems at 
high temperature) and hard FCC (work hardening) during high temperature 
deformation can induce the strain partitioning in duplex HEA the same as in the duplex 
stainless steel [244]. Most of the deformation is accommodated by the BCC phase at 
an early stage of deformation and results in increasing the LAGB (Fig. 6.18). The 
restoration process in the BCC phase was found to be far in advance of the FCC due 
to increase of strain energy, which acts as a driving force for recrystallization. The 
misorientation increased with the strain due to the transformation of subgrain 
boundaries to grain boundaries. The evolution of HAGB from LAGB is the 
mechanism of continuous dynamic recrystallization (extended recovery) [247-249].  
 
In the current work a concurrent increase in the misorientation of subgrain boundaries 
with an increase in the subgrain size followed by the formation of HAGB was 
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observed (Fig. 6.20a). This is consistent with the proposed continuous dynamic 
recrystallization, which occurs in the BCC phases by coalescence and subgrain growth 
[247-249]. It is worth to note here that subgrain/grain growth is limited after a strain 
of 0.5 (Fig. 6.20). As mentioned earlier load transfer could have occurred from the 
BCC to FCC phase to maintain the continuity of flow curve due to strain partitioning 
effect. Since no internal stress (no driving force) is associated with the BCC phase 
after the strain of 0.5, no significant growth was observed after the strain of 1 and 1.5. 
The average misorientation of subgrain/grain in the FCC phase increased with an 
increase in strain (Fig. 6.20). In the meantime, the decrease in the subgrain/grain size 
in FCC phase indicates that the mechanism of restoration is due to discontinuous 
dynamic recrystallization [136].  
 
As reported earlier, the Al0.9CoCrFeNi HEA consisted of ~62% BCC and ~38% FCC 
caused by phase separation after homogenization. EBSD results showed that it has an 
average grain size of 2.8 and 1.6 μm for the BCC and FCC phases, respectively. The 
formation of more LAGB in BCC HEA is due to the development of substructure 
caused by dynamic recovery. The misorientation angle and subgrain/grain size 
increased with strain due to the evolution of continuous dynamic recrystallization 
(subgrain growth), the same as in the Al0.6CoCrFeNi HEA (Fig. 6.25) [247-249]. 
  
The high frequency of HAGB developed at a strain of 0.5, revealed the occurrence of 
dynamic recrystallization in the FCC phase due to the strain partitioning effect (Fig. 
6.22), whereas load transfer occurred from the BCC to FCC phase. No significant 
change was observed in the misorientation at strain 1, which indicates that the increase 
in the degree of deformation does not have a significant effect on the FCC phase (Fig. 
6.25). The average subgrain/grain size decreased when compared with non-deformed 
homogenized HEA, although the difference is only moderate (Fig. 6.25). In general 
subgrain rotation occurs when the boundaries are difficult to migrate or loaded by 
highly concentrated solutes [42]. Since the volume fraction of FCC phase is low and 
discontinuous in the Al0.9CoCrFeNi HEA (low FCC/FCC interphase grain 
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boundaries), the subgrain rotation could be the restoration mechanism (continuous 
dynamic recrystallization) that occurred during high temperature deformation of 
Al0.9CoCrFeNi HEA.  
 
6.4.3. Effect of initial grain size on dynamic recrystallization of FCC 
alloys 
 
Slow dynamic recrystallization kinetics are evident from the flow curve and 
microstructural investigation of the Al0.3CoCrFeNi HEA. Sluggish diffusion was 
proposed for retardation of restoration in CoCrFeNiMn HEA due to the high entropy 
effect (more solute atoms) [40, 172]. However another feature in the Al0.3CoCrFeNi 
FCC HEA produced in the present work is the coarse columnar grain morphology. 
Since the pre-existing grain boundary acts as a nucleation site for recrystallization, the 
initial grain size of the alloys has a significant effect on the microstructural evolution 
and the kinetics of dynamic recrystallization [250, 251]. The Hall-Petch relationship 
indicates the effect of initial grain size on flow curve of the metals and alloys [252]. 
σ = σ0 + kd-1/2             Equation 6.13 
σ0 – Lattice friction stress (MPa) 
k – Hall-Petch constant 
d – Initial grain size of the material (μm) 
The Hall-Petch equation shows that the decrease in the grain size increases the flow 
stress (dislocation density) which tends to accelerate dynamic recrystallization and 
increase its kinetics [128, 253, 254]. Hence, to study the effect of initial grain size on 
the dynamic recrystallization in an FCC material, 304 stainless steel with different 
grain morphologies, namely a wrought alloy with equiaxed grains (~27 μm) (Fig. 
6.30a) and arc melted columnar grains (average length ≈ 280 μm and width = 175 μm) 
(Fig. 6.31a) were selected for the high temperature plane strain compression test at 
1030°C with strain rate 0.002 s-1.  
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Serration of grain boundaries is difficult in the fine grain structured materials due to 
large curvature of grain boundaries [250]. Hence, the dislocation density increases 
inside the grains and annihilation of dislocations are promoted by recovery at an early 
stage of deformation (low strain). In the fine grain structured materials, the 
misorientation increases quickly due to higher dislocation density and the shorter 
distance between the substructures. This leads to the form HAGB at low strain level 
in fine grain structured material when compared with the coarse grain structure [250]. 
Therefore, dynamic recrystallization kinetics is quicker and recrystallization 
completes at a lower strain than the coarse grain material [250]. The steady state stress 
in fine grain structured material is less pronounced and deformation continues for the 
next cycle (multiple peak flow curve) during continuous dynamic recrystallization 
[255] (Section 2.2.4.1). The evolution of multi peak flow curve for the wrought 304 
stainless steel is due to the fine initial grain size (D0 < 2DDRX) [42, 148]. The formation 
of multi peak in the fine grain structured 304SS is the transformation of mechanism 
from discontinuous to continuous dynamic recrystallization [42, 128, 250, 255, 256]. 
 
The arc melted 304 stainless steel (coarse grain) showed a continuous decrease in the 
flow curve without a steady state stage (no full recrystallization) (Fig. 6.32) which is 
the same as discontinuous dynamic recrystallization reported for Al0.3CoCrFeNi FCC 
HEA (Fig. 6.2a). The microstructure also reveals that the partial recrystallization 
(~86% rex) (Table. 6.5) after 1.5 strain (Fig. 6.33b). A significant difference in the 
flow curve and recrystallization mechanism shows the slow recrystallization in the 
coarse columnar grain alloy. Therefore, it is proposed that in the Al0.3CoCrFeNi FCC 
HEA the slow recrystallization kinetics may also be affected by the columnar grain 
structure. 
 
 
 
Chapter 6  Dynamic Recrystallization 
183 
 
 
 
6.4.4. Effect of Al content on dynamic recrystallization in single phase 
Al0.3CoCrFeNi FCC HEA 
 
Aluminium plays a major role on the phase transformation and strengthening of HEAs 
[3, 33, 196]. The strength of the alloy could be increased by lattice distortion induced 
by large atomic size Al (Section 4.4.1) and also by large amount of solutes (solid 
solution strengthening) in HEAs. Since recrystallization is controlled by the 
dissociation of dislocations, it has been proposed [43] that a large solution hardening 
(HEA effect), low vacancy concentration due to complete solid solution and low SFE 
(FCC) could hinder the movement of dislocations and results in slow recrystallization 
in HEAs.  
 
In Al0.3CoCrFeNi HEA, it is evident that the solution hardening is higher  (σy ≈ 175 
MPa) [4] than the CoCrFeNi and CoCrFeMnNi (σy ≈ 95 MPa) [257] alloys for a 
similar coarse grain structure. The strengthening of Al0.3CoCrFeNi HEA could be due 
to lattice distortion caused by the large atomic radius of Al content (Table. 6.6). It has 
been proposed [1, 64, 67] that the lattice distortion hinders the diffusion rate of atoms 
and affects the movement of dislocations. As a result, lattice distortion can affect the 
restoration process during high temperature deformation. To study the effect of an 
absence of Al content, the alloys CoCrFeNi (medium entropy alloy) and CoCrFeMnNi 
(HEA) were also selected for the hot deformation study.  
 
Deformation at 1030°C with strain rate 0.002 s-1 was performed (Fig. 6.33) on the 
homogenized columnar grain structured CoCrFeNi and CoCrFeMnNi HEA (Fig. 
6.34a and 6.35a). The flow curve showed a different behaviour for Al0.3CoCrFeNi 
HEA than the other alloys (Fig. 6.33). The peak strain for Al0.3CoCrFeNi HEA is 
significantly higher when compared with other alloys. Interestingly, the critical strain 
for the initiation of dynamic recrystallization is similar for all the arc melted alloys 
(columnar grains) (Table. 6.5). It revealed that the solution hardening does not 
influence the initiation of dynamic recrystallization (for the similar grain size 
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material), however it delayed the softening at higher strain. The recrystallization 
fraction for Al0.3CoCrFeNi (~59%) and CoCrFeMnNi (~74%) HEAs are lower than 
the CoCrFeNi medium entropy alloy (~89%) (Table. 6.5).  It is evident that the high 
entropy alloys have slow recrystallization which could be due to the solute drag effect 
(sluggish diffusion due to increase in solute atoms) as also suggested by Tsai and 
Stepanov [40, 172].  
 
Table 6. 6. Atomic radius of the elements used in AlxCoCrFeNi HEA  
Mixing elements Atomic radius (pm) 
Al 143 
Co 125 
Cr 128 
Fe 126 
Ni 124 
Mn 127 
 
The activation energy of hot deformation for HEA is compared with steels, Ni based 
super alloy and CoCrFeNi HEA (Table 6.7). It has been reported [258] that the 
sluggish diffusion is attributed to the precipitates formation in the super alloy. It is also 
evident in the Al0.3CoCrFeNi HEA that precipitate formation at 930°C could be the 
reason for delayed restoration. However, slow dynamic recrystallization kinetics were 
also observed for the deformed Al0.3CoCrFeNi FCC HEA at 1030°C (no precipitates 
formed), which indicates that, not only the precipitates but some other mechanism is 
involved and resulted to slow recrystallization.  
 
A significant difference in the fraction of recrystallization and activation energy of hot 
deformation between the Al0.3CoCrFeNi and CoCrFeMnNi HEAs show that the 
restoration is even slower in the Al0.3CoCrFeNi FCC HEA (Table. 6.5 and 6.7). As 
discussed in the previous chapter (Section 5.4.2), the static recrystallization study also 
suggested the effect of Al on slow recrystallization and grain growth. Hence, it could 
be suggested that Al has a significant effect on dynamic recrystallization in 
Al0.3CoCrFeNi HEA.  
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The solute retardation parameter (SRP) was proposed [259] for the retardation of 
dynamic recrystallization by the addition of alloying elements (for 0.1 atomic percent): 
SRP = log ቀ ୲౮୲౨౛౜ቁ x 
଴.ଵ
ୟ୲%	୶ x 100          Equation 6.14 
Where, tx and tref are the time to start the dynamic recrystallization in the alloy 
containing x element and the reference alloy, respectively. The effect of alloying 
elements on the hot deformation with respect to their atomic size has been reported 
for steel (here steel is the reference alloy). Dynamic restoration was studied by the 
addition of element (Si, Mn, V, Mo, Al, Ti and Nb) and recrystallization delayed 
systematically with an increase in the atomic size  [259]. SRP was calculated from the 
Equation 6.14 for the addition of Mn (SRP ≈ 0.03 for CoCrFeMnNi) and Al (SRP ≈ 
1.43 for Al0.3CoCrFeNi) in CoCrFeNi (here CoCrFeNi is the reference alloy) alloy. 
  
The difference in the peak strain (~65% higher for 25Mn-3Al steel when compared 
with 25Mn steel) and apparent activation energy (Table 6.7) of hot deformation 
revealed that addition of Al has a significant effect on retardation of dynamic 
recrystallization in the high Mn steel [260]. In the current work, It was found that, 
there is no significant difference in the peak strain between CoCrFeNi (εp = 0.38) and 
CoCrFeMnNi (εp = 0.44) alloy. This means that Mn does not have significant effect 
on hot deformation. However in the case of Al0.3CoCrFeNi HEA (εp = 0.88), the peak 
strain is significantly higher (~100%) than CoCrFeNi and CoCrFeMnNi alloys.  
 
The significant difference in the SRP, peak strain and activation energy of hot 
deformation between Al0.3CoCrFeNi to CoCrFeNi and CoCrFeMnNi alloys, suggest 
that the solute drag effect by large atomic radius of Al has significant impact on the 
slow dynamic recrystallization kinetics in the Al0.3CoCrFeNi FCC HEA.    
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Table 6. 7. Apparent activation energy of hot deformation 
Alloys kJ/mol 
Al0.3CoCrFeNi (Present study) 513 
CoCrFeMnNi 291[40] 
Ni based super alloy 474 [258] 
Low C steel 340 [260] 
25Mn steel 377 [260] 
25Mn-3Al steel 397 [260] 
 
6.5. Conclusions 
 
The high temperature plane strain compression test was performed on the single phase 
Al0.3CoCrFeNi FCC HEA at 930, 980 and 1030°C with 0.002, 0.005 and 0.01 s-1 strain 
rates. Deformation was also performed on austenitic 304 stainless steel, CoCrFeNi 
FCC medium entropy alloy and CoCrFeMnNi FCC high entropy alloy and results 
were compared with the Al0.3CoCrFeNi FCC HEA. The hot deformation was also 
performed on Al0.6CoCrFeNi (FCC+BCC) HEA at 980 and 1030°C for the strain rates 
0.002, 0.01 and 0.1 s-1 and for Al0.9CoCrFeNi (FCC+BCC) HEAs at 980 and 1030°C 
for the strain rates 0.01, 0.1 and 1 s-1. Microstructure analysis was performed on the 
dynamic recrystallized alloys using SEM and EBSD. The following key conclusions 
are derived from this study: 
 
Al0.3CoCrFeNi single phase FCC HEA 
 Flow curves showed a work hardening behaviour for the strain rate 0.01 s-1. A 
typical dynamic recrystallization flow curve was evident at low strain rates 
(0.002 and 0.005 s-1 – Work hardening followed by peak and softening). 
However the steady state was not obtained even after high strain (ε = 1.5) 
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deformation (partial recrystallization) which could be due to sluggish diffusion 
effect.  
 The necklace structure formation and single peak flow curve under the 
deformation conditions (930, 980 and 1030°C with 0.002, 0.005 and 0.01 s-1) 
reported in this chapter indicates that the discontinuous dynamic 
recrystallization is the mechanism of restoration in the Al0.3CoCrFeNi FCC 
HEA. 
 Hot deformation was performed on CoCrFeNi and CoCrFeMnNi alloys at 
1030°C with 0.002 s-1 strain rate and compared with Al0.3CoCrFeNi FCC 
HEA. As reported in the literature and from the results in this chapter, sluggish 
diffusion and the columnar grain structure could be the reasons for slow 
recrystallization in HEAs. However, restoration was retarded to a great extent 
by the Al content in Al0.3CoCrFeNi HEA when compared with CoCrFeNi and 
CoCrFeMnNi FCC alloys. 
 
Al0.6CoCrFeNi and Al0.9CoCrFeNi duplex HEAs 
 Co-existence of FCC and BCC phase leads to a complex restoration process in 
duplex Al0.6CoCrFeNi and Al0.9CoCrFeNi (FCC+BCC) HEAs which could be 
due to the strain partitioning effect the same as in the duplex stainless steel. 
 Subgrain growth in BCC phase is evidence that continuous dynamic 
recrystallization (extended recovery) is the mechanism of restoration in the 
Al0.6CoCrFeNi HEA. On the other hand the evolution of grain refinement in 
FCC was due to discontinuous dynamic recrystallization. 
  The evolution of recrystallization in both FCC and BCC phases of 
Al0.9CoCrFeNi HEA was due to continuous dynamic recrystallization. 
 Since only partial recrystallization is achieved in this alloy system even at high 
temperature and low strain rate deformation, post dynamic recrystallization 
can be proposed to produce fully recrystallized equiaxed structure.  
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7. Mechanical properties of thermo-mechanically 
processed HEAs 
 
7.1. Introduction 
 
The mechanical properties of static and dynamic recrystallized samples were studied 
in this chapter. As discussed in Chapter 5, full recrystallization was obtained in the 
Al0.3CoCrFeNi FCC HEA after cold rolling and annealing at 1000 and 1050°C. Grain 
growth was observed with an increase in the annealing time. Interestingly at 900°C a 
fully recrystallized refined grain structure was obtained with the evolution of Al-Ni 
rich precipitates. This is the first study to evaluate the effect of precipitates on the 
mechanical properties of this alloy system. The aim of this chapter is to study the effect 
of grain size using the Hall-Petch relationship on the precipitate free Al0.3CoCrFeNi 
FCC HEA which was annealed at 1050°C. The mechanical properties of the 900°C 
annealed alloy was compared with the 1050°C annealed alloy to determine the 
precipitation strengthening effect.  
 
Furthermore, as discussed in the Chapter 6, complete recrystallization was not 
obtained during Plane Strain Compression test at 1030°C. Hence, hot rolling was 
performed below the liquidus temperature (>1030°C) of the AlxCoCrFeNi HEA and 
dynamic recrystallized microstructures were investigated. Tensile test were also 
performed on the hot rolled alloys to determine the effect of dynamic recrystallization 
on the mechanical properties AlxCoCrFeNi HEA system. 
 
7.2. Experimental procedure 
 
Mechanical testing was performed on as-cast, cold rolled and annealed HEAs. Bulk 
hardness testing was performed on the HEAs using a micro hardness testing machine 
with a 300 grams load and 15 s dwell time. Nano indentation was performed on HEAs 
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to determine the strengthening effect of precipitates in the static recrystallized 
samples. Tensile testing was conducted on the HEAs using an Instron 5967 machine 
(the detailed test method was given in the Section 3.6). The tensile test matrix is given 
in Table. 7.1. Two annealing temperatures 900 and 1050°C was chosen to produce the 
recrystallized alloys with and without precipitates respectively. Various annealing 
times were selected to produce different grain sizes required to plot a Hall-Petch 
relationship to determine the grain boundary strengthening of the recrystallized alloy. 
Al least two samples were tensile tested for each condition. 
 
Table. 7. 1. Matrix of the tensile tests conducted for the 70% deformed alloy 
annealed at 900 and 1050°C for different annealing times. Grain size is given 
with respect to the annealing time.  
Annealing temperature Annealing time   Grain size    (μm) 
 
As-cast 
*Dl≈600 
*Dw≈160 
 
H1100 
*Dl≈650 
*Dw≈180 
 D70% -- 
900°C 
2 mins 3 
60 mins 6.6 
1440 mins 9.2 
1050°C 
2 mins 12.3 
20 mins 20.4 
60 mins 24.3 
1440 mins 40.5 
*Dl – Grain length, *Dw = Grain width 
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As discussed in the Chapter 6, complete recrystallization was not obtained after the 
high temperature deformation in the temperature range of 930 – 1030°C. The 
deformation was not performed above 1030°C due to machine constraints (reached 
the maximum load capacity of the tool). Therefore it was a challenge to determine the 
hot rolling parameter for complete recrystallization. However, the final strain for the 
formation of complete recrystallization in FCC HEA was derived from the dynamic 
recrystallization study using Equation 6.12 (section 6.6.3). 
 
The rolling strain rate for the laboratory scale rolling mill was determined to be 8 s-1. 
The final strain for a few high temperatures was reported in the Table.7.2 with respect 
to the rolling strain rate (~8 s-1). The strain required for complete recrystallization was 
very high for the rolling strain rate (e.g. true strain required ≈ 7.45 at 1250°C).  
 
It is important to select the hot rolling temperature below the liquidus point for 
avoiding the localized melting of the alloys. From the AlxCoCrFeNi phase diagram 
[178], 1200 and 1175°C were selected for hot rolling of homogenized Al0.3CoCrFeNi 
(FCC), Al0.6CoCrFeNi and Al0.9CoCrFeNi (duplex) HEAs respectively (Fig. 7.1). To 
determine the dynamic recrystallization behaviour, the hot rolling was performed at 
high temperature on HEAs followed by water quenching. From the derived strain 
required for complete recrystallization (Table. 7.2), AlxCoCrFeNi HEAs were 
expected to work harden during hot rolling. Hence, it is very difficult to achieve the 
final strain with the laboratory rolling mill due to rolling mill constraint.  Hence the 
hot rolling was carried out for only 50% reduction in thickness (true strain ≈ 0.7). 
Tensile test was performed on the hot rolled alloys with a strain rate of 0.001s-1. 
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Table. 7. 2. Final strain calculation for various temperatures for a rolling strain 
rate of ~8 s-1 to achieve full recrystallization of Al0.3CoCrFeNi HEA 
Hot rolling 
temperature (°C) 
Zener Hollomon 
Parameter – Z 
Final strain 
εf 
1100 2.69x1020 ~46.9 
1150 5.55x1019 ~24.3 
1175 2.62x1019 ~17.8 
1200 1.27x1019 ~13.2 
1250 3.21x1018 ~7.45 
 
 
Figure. 7. 1. Phase diagram for AlxCoCrFeNi HEA [178]. Temperatures are 
marked for hot rolling of HEAs– below the liquidus temperature 
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7.3. Results 
 
7.3.1. Cold rolling and annealing 
 
From the detailed cold rolling and annealing study (Chapter 5), the effect of 
precipitation and grain boundary refinement on mechanical properties of 
Al0.3CoCrFeNi HEA will be discussed in the following sections.  
 
7.3.1.1. Al-Ni rich precipitates 
 
As discussed in the static recrystallization chapter (Chapter 5), a significant volume 
fraction of precipitates were evolved during annealing at 900°C (Section 5.3.2) and it 
increased from ~0.1 vol% (2 mins) to ~12 vol% after 1440 minutes of annealing (Fig. 
7.2). In the meantime, precipitate coarsening was observed with increased annealing 
time (Fig. 7.2). The size of the precipitates were measured with SEM microstructure. 
The precipitate size increased from ~70 nm to ~300 nm from two minutes to 1440 
minutes of annealing. Precipitate distribution showed that the size of the precipitates 
increases with an increase in the annealing time and the size varied from ~10 nm to 
~1.7 μm (Fig. 7.3). 
 
A very low volume fraction (~0.1%) of precipitates were observed at 1000°C and 
precipitate free microstructure was evident at 1050°C (Section 5.3.2). The grain 
growth was very slow (grain growth exponent ≈ 5.5) and resulted in a fine grained 
microstructure at 1000 and 1050°C annealing temperature. The hardness and tensile 
test results were conducted to study the effect of precipitates and grain size on 
mechanical properties of this alloy system.     
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Figure. 7. 2. Precipitate size and volume fraction as a function of annealing time 
at 900°C 
 
 
Figure. 7. 3. Precipitate distribution of recrystallized Al0.3CoCrFeNi HEA 
annealed at 900°C 
 
7.3.1.2. Bulk and discrete phase hardness 
 
Annealing of the cold rolled HEAs resulted in a very fine grain size in addition to the 
evolution of precipitates. In general, the precipitates have a significant effect on the 
mechanical properties of the alloy systems [261]. It is of interest to observe the 
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combined effect of precipitates and grain size on mechanical properties of HEAs. 
Hence, the hardness test was performed on the static (Fully) recrystallized samples. 
 
The hardness of the as-cast and homogenized HEAs were similar (~150 HV). 
However, it increased to ~366 HV after cold rolling to 70% reduction in thickness (1.2 
true strain) due to the work hardening effect (stored energy due to cold rolling). At 
1000 and 1050°C the decrease in hardness with the annealing time could be due to the 
increase in the grain size (Hall-Petch) (Table. 7.3 and Fig. 7.4). However the hardness 
of the alloys annealed at 900°C exhibited a different behaviour. The difference in 
hardness was very low up to 200 minutes of annealing. Contradictory to the Hall-Petch 
relationship, the hardness increased for the increased grain size after 1440 minutes of 
annealing. 
 
Table. 7. 3. Micro hardness results for recrystallized alloys 
Annealing 
time 
(mins) 
Annealing at 
900°C 
Annealing at 
1000°C 
Annealing at 
1050°C 
Average 
grain 
size 
(μm) 
Average 
hardness 
(HV) 
Average 
grain 
size 
(μm) 
Average 
hardness 
(HV) 
Average 
grain 
size 
(μm) 
Average 
hardness 
(HV) 
1   5.2 218.7±2.8 11.2  201.3±3 
197.2±1.3 
185.5±0.7 
183.1±2.3 
175.1±2.2 
160.5±1.3 
2 3 254.1±7.3 7.3 215.6±2 12.3  
20 5.5 249.6±5.7 8.5 202.2±2.6 20.4  
60 6.6 245.4±3.2 11.6 190.6±1.6 24.29  
200 7.1 244.2±3.4  -- 28.2  
1440 9.2 261.5±5.1  -- 40.5  
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Figure. 7. 4. Micro hardness of recrystallization of homogenized and 70% 
deformed alloys at 900, 1000 and 1050°C 
 
The hardness decreased with the grain size closely following a Hall-Petch type 
relationship for the 1000 and 1050°C annealed alloys (Fig. 7.5) [45, 175]: 
H = H0 + kHd-1/2       Equation 7.1 
 
Where, 
H – Hardness (HV) 
H0 – Intrinsic hardness (HV) 
kH – Hall-Petch coefficient 
The intrinsic hardness (H0) and Hall-Petch coefficient (kH) was determined from the 
intercept and slop of the plot, inverse grain size (d-1/2) as a function of Vickers hardness 
(H): 
H = 137 + 6.5 d-1/2       Equation 7.2 
Interestingly, the alloys annealed at 900°C followed a different path (Fig.7.5). The 
hardness decreased at the early stage of annealing, however the change in the hardness 
was very limited with an increase in the grain size. The hardness increased 
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significantly at 1440 mins of annealing (grain size ~9 μm). It is worth to note here that 
the hardness was higher for 900°C annealed alloy than the 1000°C for a similar grain 
size (Fig. 7.5). The alloy annealed at 900°C indicate that the increase in the hardness 
could be due to Al-Ni rich precipitates.  
 
 
Figure. 7. 5. Hall-Petch plot for hardness results of 1000 and 1050°C annealed 
alloys (marked area indicates the similar grain size of alloys with different 
hardness) 
 
Nano indentation was carried out on the HEA (for annealed alloy at 900°C for 1440 
mins) to determine the effect of precipitates on strengthening of HEA. The distribution 
profile showed that the hardness ranged from 3 to 5.5 GPa (Fig. 7.6a) could be from 
the FCC matrix. The few indentations measured with 9.5 to 11.5 GPa could be from 
the Al-Ni rich BCC precipitates (Fig. 7.6c). The nano indentation value indicate that 
the precipitates have a major impact on the strengthening of the HEA.   
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Figure. 7. 6. Nano indentation distribution on 70% deformed and annealed at 
900°C for 1440 minutes. The indentation range on the respective constituent 
phases are represented with microstructure a) FCC matrix, b) Interface c) Al-
Ni rich precipitate 
 
7.3.1.3. Tensile properties 
 
Tensile testing was performed on as-cast, homogenized, cold rolled and annealed 
Al0.3CoCrFeNi HEAs. Tensile deformed samples and their corresponding engineering 
stress strain flow curves of the annealed alloys at 900°C are shown in Fig. 7.7a and 
7.7b. The as-cast HEA displayed improved strength over the homogenized HEA (Fig. 
7.7b and Table. 7.4). The improved strength could be due to the effect of grain 
boundary segregation of the as-cast HEA (Section 5.3.1). The improved elongation 
was expected on the homogenized HEA, however the plasticity was significantly 
lower than the as-cast HEA. The formation of grain boundary Al rich precipitates 
(Section 5.3.1) could be the reason for the failure of the homogenized alloy at low 
elongation and the serration behaviour of the flow curve at the stage of failure. As 
expected the 70% deformed alloy showed a very low plasticity due to internal stress 
created during the cold rolling process.    
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The yield strength of the annealed alloy decreased with an increase in the grain size 
~3 to ~7 μm (Fig. 7.7b and Table. 7.4). Interestingly the yield strength of the alloy 
increased with an increase in the grain size (~9 μm) after 1440 minutes of annealing 
time. It showed a contradictory behaviour to the Hall-Petch relationship, the same as 
the hardness results reported in the previous section (Section 7.3.1.2). As discussed 
earlier, the precipitate (Al-Ni rich) size and their volume fraction increased with 
increased grain size. A significant increase in the strength was observed in the alloy 
annealed for 1440 minutes, which could be due to the effect of precipitates (Fig. 7.6 
and Table. 7.4).    
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Figure. 7. 7. a) Tensile deformed samples of  cold rolled (70%) and annealed at 
900°C - represented with annealing time and grain size b) Engineering stress 
strain curve for as-cast , homogenized (H1100), deformed (D70%) and annealed 
alloys at 900°C 
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Table. 7. 4. The yield strength, UTS and elongation of as-cast, homogenized 
(H1100), 70% deformed (D70%) and annealed alloys at 900°C 
Annealing time   Grain size    (μm) 
Yield strength 
(MPa) UTS (MPa) 
Elongation 
(%) 
As-cast 
Dl≈600 
Dw≈160 242.5±10 433±46.9 60±2 
H1100 
Dl≈650 
Dw≈180 207.2±2.9 334.5±19.5 39.9±1.7 
D70% -- 201.52±2.7 1258.9±3.2 10.1±2.2 
2 mins 3 442.04±3.4 814.5±10.2 45.4±2.5 
60 mins 6.6 428.1±4.8 818.3±15 44.7±1.4 
1440 mins 9.2 463.44±2.5 868±7.5 40.7±1.6 
Dl –Columnar grain length (Solidification direction), Dw = Columnar grain width 
(width direction)  
As reported in the Chapter 5, grain growth was observed for the alloys annealed at 
1050°C. The grain size was increased with annealing time from 12 μm to 40 μm 
without the formation of precipitates (Section 5.3.1). Hence, the tensile test was 
performed on these precipitate free alloys to determine the effect of grain boundary 
strengthening. The deformed samples and stress strain curves were shown in the Fig. 
7.8a and 7.8b, respectively. The yield strength of the alloy decreased with increased 
grain size (Fig. 7.8b and Table. 7.5). The elongation was nearly similar for the 
annealed alloy from 2 mins to 60 mins. However, the improved elongation (~69%) 
with a decrease in the yield strength (~204 MPa) was observed for the alloy annealed 
for a very long time (1440 mins) which may be due to the increased grain size (40μm). 
The Hall-Petch relationship was plotted (yield strength (σy) as a function of grain size) 
for the annealed alloys at 1050°C (Fig. 7.9) [175] by ignoring the point of the alloy 
annealed at 900°C (to avoid precipitates effect) : 
Yield stress – σy = σ0 + kd-1/2      Equation 7.3 
σ0 – Friction stress (includes strengthening contribution from solutes) 
k – Constant  
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The constant values σ0 (friction stress) and k were derived from the intercept and 
slope of the linear fitting plot (Fig. 7.9).  
σy = 82 + 34 d-1/2     Equation 7.4 
 
 
 
Figure. 7. 8. a) Tensile deformed samples annealed at 1050°C - represented with 
annealing time and grain size b) Engineering stress strain curve for as-cast , 
homogenized (H1100), deformed (D70%) and annealed alloys at 1050°C 
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Table. 7. 5. The yield strength, UTS and elongation of as-cast, homogenized 
(H1100), 70% deformed (D70%) and annealed alloys at 1050°C 
Annealing time 
(mins) 
Grain size 
(μm) 
Yield strength 
(MPa) 
UTS  
(MPa) 
Elongation 
(%) 
As-cast 
Dl≈600 
Dw≈160 242.5±10 433±46.9 60±2 
H1100 
Dl≈650 
Dw≈180 207.2±2.9 334.5±19.5 39.9±1.7 
D70% -- 201.52±2.7 1258.9±3.2 10.1±2.2 
2 mins 12.3 350.1±3.6 709.1±11.6 47.8±0.5 
20 mins 20.4 342.2±2 698.9±9.4 48.1±2.7 
60 mins 24.3 290.4±6 657.6±19.8 43±4.3 
1440 mins 40.5 204.3±3.8 587.7±7.2 69.3±0.7 
Dl –Columnar grain length (Solidification direction), Dw = Columnar grain width 
(width direction)  
 
 
Figure. 7. 9. Hall-Petch plot for tensile test results of recrystallized alloys at 
1050°C without precipitates effect and 900°C are excluded from Hall-Petch plot 
due to the presence of precipitates 
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7.3.2. Microstructure and mechanical properties of hot rolled HEAs 
 
7.3.2.1. Al0.3CoCrFeNi FCC HEA 
 
The hot rolled ingots of AlxCoCrFeNi HEAs with 50% reduction in thickness are 
shown in Fig. 7.10. The columnar structured as-cast and highly deformed hot rolled 
Al0.3CoCrFeNi FCC HEA is shown in the Fig. 7.11a and 7.11b. The microstructure of 
the hot rolled Al0.3CoCrFeNi HEA showed a few recrystallized grains (<1%) (Fig. 
7.11c) and recovered sub-grains (Fig. 7.11d) along the pre-existing grain boundaries. 
Highly deformed grains were observed after hot rolling (Fig. 7.11e). EBSD mapping 
also showed the formation of few recrystallized grains and subgrain along the serrated 
pre-existing grain boundaries (Fig. 7.12). The misorientation profile indicated the 
domination of LAGB which is due to the presence of subgrains and deformed regions. 
A very low frequency of HAGB was observed could be due to the recrystallized grains 
and pre-existing grain boundaries (Fig. 7.12).  
 
 
Figure. 7. 10. Hot rolled ingots of AlxCoCrFeNi HEAs for 50% (true strain 
≈0.7) reduction in thickness 
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Figure. 7. 11. SEM microstructure of Al0.3CoCrFeNi HEA a) Homogenized 
alloy b) Hot rolled at 1200°C c) Recrystallized grain (arrow) d) Sub grains and 
e) Deformed grain 
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>0.7 – Aqua, >1 – Blue, >3 – Green, >5 – Yellow, >15 - Black and twin boundaries 
– Red 
Figure. 7. 12. EBSD mapping and misorientation profile for hot rolled 
Al0.3CoCrFeNi HEA (arrow indicates the nucleation along the serrated pre-
existing grain boundary) 
 
To study the dynamic recrystallization on mechanical properties of Al0.3CoCrFeNi 
HEA, tensile tests were performed on the hot rolled samples and it exhibited a cup and 
cone deformation (Fig. 7.13a). The yield strength (~567 MPa) was very high when 
compared with the as-cast, homogenized and annealed (static recrystallization) HEAs 
(Fig. 7.13b and Table. 7.6). However the UTS (~694 MPa) and total elongation 
(~32%) were lower (Fig. 7.13b) relative to the cold rolled and 900°C annealed alloys 
(Fig. 7.7b and 7.8b). 
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Figure. 7. 13. a) Tensile deformed sample of hot rolled Al0.3CoCrFeNi HEA b) 
Engineering stress strain curve for as-cast, homogenized and hot rolled 
Al0.3CoCrFeNi HEA 
 
Table. 7. 6. Tensile properties of as-cast, homogenized (H1100) and hot rolled 
Al0.3CoCrFeNi HEAs 
Al0.3CoCrFeNi HEA 
Yield strength 
(MPa) 
UTS (MPa) Elongation (%)
As-cast 242.5±10.0 433.0±46.9 60.0±2.0 
H1100 207.2±2.9 334.5±19.5 39.9±1.7 
Hot rolling – 1200°C 566.7±8.4 693.8±20.6 32.3±0.6 
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7.3.2.2. Al0.6CoCrFeNi duplex HEA 
 
EBSD mapping of the homogenized and hot rolled Al0.6CoCrFeNi duplex HEA is 
shown in Fig. 7.14. As reported in the Chapter 6 (Section 6.3.3.2), the formation of 
LAGB in the homogenized HEA is due to the stress concentration along the inter-
dendritic region (Fig. 7.14 – H1100).  
 
The phase fraction was nearly the same as the homogenized HEA (75% FCC + 25% 
BCC) indicating that there was no phase transformation after hot rolling at 1175°C. 
The EBSD map of the hot rolled alloy indicated that the frequency of LAGB was very 
high in the BCC phase when compared with homogenized alloy (Fig. 7.14 – Hot 
rolled). A very low frequency of HAGB was observed near the inter-dendritic regions 
of FCC and BCC phases. However, the frequency was very high in the FCC when 
compared with the BCC phase.  
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Figure. 7. 14. EBSD mapping and misorientation profile for homogenized 
(H1100) and hot rolled Al0.6CoCrFeNi HEA at 1175°C (HAGBs are indicated 
along the inter-dendritic region) 
 
The tensile deformed samples and stress strain curves of as-cast, homogenized and hot 
rolled samples are shown in the Fig. 7.15a and 7.15b.  The as-cast alloy showed a very 
high yield strength (464 MPa), tensile strength (870 MPa) and excellent work 
hardening with ~43% plasticity (Fig. 7.15b and Table. 7.7). However a significant 
decrease in the strength (σy ≈ 316 MPa and σUTS ≈ 789 MPa) and ductility was 
observed after homogenization. The yield and tensile strength of the hot rolled 
Al0.6CoCrFeNi HEA was high. However the ductility was reduced (~22%) when 
compared with the as-cast and homogenized Al0.3CoCrFeNi HEA (Fig. 7.13b). 
 
The rolling strain rate (8 s-1) was very high when compared with the hot deformation 
carried out through the PSC test (Section 6.3.1). It has been proposed [225] that the 
load (strain) is equally distributed in the duplex structure at high strain rate 
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deformation and avoids the strain partioning effect. BCC (high SFE) phase in 
Al0.6CoCrFeNi HEA resulted in the formation of more subgrain boundaries due to 
recovery [42]. The deformation occurred quickly due to high strain rate (8 s-1), which 
means that there is not enough time for the transformation of LAGB (subgrain) to 
HAGB. However the evolution of a significant amount of HAGB was observed in the 
FCC phase. It could be suggested that the increased dislocation density, which is the 
driving force for recrystallization and the limited dynamic recovery due to low SFE, 
resulted in dynamic recrystallization and increased the HAGB in the FCC phase of 
Al0.6CoCrFeNi HEA.   
 
 
 
Figure. 7. 15. a) Tensile deformed sample of hot rolled Al0.6CoCrFeNi HEA b) 
Engineering stress strain curve for as-cast, homogenized (H1100) and hot rolled 
Al0.6CoCrFeNi HEA 
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Table. 7. 7. Tensile properties of as-cast, homogenized (H1100) and hot rolled 
Al0.6CoCrFeNi HEAs 
Al0.6CoCrFeNi HEA Yield strength (MPa) UTS (MPa) Elongation (%) 
As-cast 464.5±19.0 869.7±17.7 43.1±2.9 
H1100 316.0±7.1 788.9±22.2 34.5±1.0 
Hot rolling – 1175°C 515.1±6.3 1204.2±3.9 22.2±1.0 
 
7.3.2.3. Al0.9CoCrFeNi duplex HEA 
 
The volume fraction of BCC (60%) and FCC (40%) phases were similar in hot rolled 
(1175°C) and homogenized Al0.9CoCrFeNi HEA and the same as Al0.6CoCrFeNi HEA 
(Fig. 7.16). The difference in EBSD mapping of homogenized and hot rolled HEA 
showed that the evolution of LAGB was significantly more in both FCC and BCC 
phase after hot deformation (Fig. 7.16). However, the formation of a few HAGB was 
observed in FCC phases, the same as the hot rolled Al0.6CoCrFeNi HEA and the PSC 
test on Al0.9CoCrFeNi HEA at 1030°C with a strain rate of 1 s-1 (Section 6.3.3.3 – Fig. 
6.24). Dynamic recovery and recrystallization was the restoration mechanism for the 
BCC (subgrain) and FCC (few HAGB) phase respectively, the same as reported for 
Al0.6CoCrFeNi HEA.  
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Figure. 7. 16. EBSD mapping and misorientation profile for homogenized 
(H1100) and hot rolled Al0.9CoCrFeNi HEA 
 
The macro structure of tensile deformed sample and flow curves of as-cast, 
homogenized and hot rolled HEAs are shown in the Fig. 7.17a and 7.17b. A brittle 
fracture was observed with elongation < 2% in the as-cast HEA. However, excellent 
work hardening behaviour was observed after homogenization with improved 
plasticity (~14%), yield strength (~557 MPa) and tensile strength (~1123 MPa) (Fig. 
7.17b and Table. 7.8). The hot rolled alloy showed poor plasticity when compared 
with the homogenized HEA the same as the Al0.3CoCrFeNi and Al0.6CoCrFeNi HEAs 
(Fig. 7.13b and 7.15b)  
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Figure. 7. 17. a) Tensile deformed sample of hot rolled Al0.9CoCrFeNi HEA b) 
Engineering stress strain curve for as-cast, homogenized (H1100) and hot rolled 
Al0.9CoCrFeNi HEA 
 
Table. 7. 8. Tensile properties of as-cast, homogenized and hot rolled 
Al0.9CoCrFeNi HEAs 
Al0.9CoCrFeNi HEA Yield strength (MPa) UTS (MPa) Elongation (%) 
As-cast 388±0.4 437±35.7 1.4±0.4 
H1100 557±21.8 1123±27 14.6±0.8 
Hot rolling – 1175°C 494±3.4 665±9.2 2.9±0.2 
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7.4. Discussions 
 
7.4.1. Core effects of HEA on strengthening of cold rolled and 
annealed alloy 
 
As reported in the literature section (Section 2.1.3), HEAs have four core effects on 
properties namely high entropy effect, lattice distortion, sluggish diffusion and 
cocktail (Composite) effect [67, 68].  
 
It has been proposed that the materials with minor alloying additions have major effect 
on the mechanical properties due to the solid solution strengthening [262]. In HEAs 
the solid solution formation is more favourable than intermetallic, which is due to the 
high entropy effect. This ultimately leads to the formation of random solid solution 
(more solute atoms) [263] resulting in the solid solution strengthening.  
 
As discussed in the literature (Section 2.1.3), HEAs are highly distorted due to the 
difference in the atomic size of the mixing elements. The lattice distortion in HEA can 
cause higher solid solution strengthening than the conventional alloys system [67]. In 
AlxCoCrFeNi HEAs the presence of aluminium could have a major influence on the 
lattice distortion due to the higher atomic size difference between the mixing elements 
(Table. 7.9). It has been reported that a CoCrFeNi four elemental alloy (absence of Al) 
has a lower yield strength (Phase – FCC, σy ≈ 204 MPa, d ≈ 11 μm) [92] than the 
Al0.3CoCrFeNi HEA for the similar grain size (Phase – FCC, σy ≈ 350 MPa, d ≈ 12 
μm – Present work). From the significant difference in the yield strength (~150 MPa), 
it could be suggested that the lattice distortion by Al has major impact on strengthening 
in the Al0.3CoCrFeNi HEA.    
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Table. 7. 9. Atomic radius of the elements used in AlxCoCrFeNi HEA  
Mixing elements Atomic radius (pm) 
Al 143 
Co 125 
Cr 128 
Fe 126 
Ni 124 
 
7.4.2. Precipitation strengthening mechanism 
 
Precipitation strengthening is a widely known mechanism in most commercial alloy 
systems [261]. The processing temperature and rate of transformation have a 
significant effect on the evolution of particle size.  Finely dispersed particles in the 
matrix have a major effect on resisting the motion of dislocations. As a result, the 
strength of metals and alloys is increased significantly. Precipitation strengthening can 
be attributed through the mechanisms such as shearing the precipitates, bowing out 
between precipitates and cross slip and climb [264]. 
 
Cross slip and climb can occur only at high temperature deformation. Hence the 
shearing and bowing out (Orowan mechanism) mechanisms have major impact on the 
precipitation strengthening of the alloys at room temperature deformation [264].  
 
It is well known that hard particles increase the strength significantly by the Orowan 
(precipitation) strengthening mechanism. It is proposed that a critical size and 
incoherency of particle is required for an effective strengthening of the alloys [261].  
The Ashby – Orowan relationship describes the effect of hard particles on the 
strengthening of alloys: 
∆σy=(0·538Gbf 1/2/X) ln(X/2b)     Equation 7.5 
σy – Increase in yield strength due to precipitates effect (MPa) 
Chapter 7  Mechanical Properties 
215 
 
 
 
G – Shear modulus (MPa) 
b – Burgers vector  
f – Volume fraction of precipitates 
X – Precipitate size (mm) 
 
The Ashby – Orowan relationship states that the volume fraction and the size of the 
precipitates have a significant effect on the strengthening of alloys. The volume 
fraction (and size) of Al-Ni rich precipitates is low at the early stage of annealing at 
900°C (Section 7.3.1.1). Assuming the effect of precipitates are negligible at two 
minutes of annealing, the Hall-Petch plot is reconstructed by including the point of 
annealed alloy at 900°C for two minutes with the 1050°C annealed alloys (Fig. 7.18):  
σy = 193 + 15 d-1/2     Equation 7.6 
Al is depleted in the matrix by forming precipitates. Even though, Al content was 
about 70% in matrix when compared with the ideal alloy composition (Fig. 5.4). 
Hence, the friction stress (σ0 ≈ 193 MPa) derived from the Hall-Petch plot could be 
the effect of solid solution strengthening of HEA and lattice distortion by Al atoms 
[175]. A difference between the yield strength (σy) and friction stress (σ0) reveals the 
effect of grain boundary strengthening (Table. 7.10). The recrystallized alloys have a 
substantial effect of grain boundary strengthening by decreasing the grain size (Table. 
7.10).  
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Figure. 7. 18. Modified Hall-Petch plot for tensile test results of 70% deformed 
and annealed Al0.3CoCrFeNi FCC HEA  
 
As discussed in Section 7.3.1.1 the evolution of precipitates is more pronounced at 
900°C. The tensile test data also showed a significant effect of precipitates on the 
strengthening after annealing at 900°C for 60 and 1440 minutes (Table 7.11). This 
could be due to the substantially high volume fraction and size of precipitates for 
strengthening (Orowan) the alloys.  
 
The yield strength calculated from the Hall-Petch equation (Equation 7.6) (σty – Table. 
7.11) for the grain size 9.2 μm and 6.6 μm is compared with the experimental value 
(σy). The difference in yield strength between the experiment (σy) and calculated (σty 
– theoretical yield strength) value represent the precipitation strengthening of Al-Ni 
rich precipitates: 
Precipitation strengthening σp = σy - σty     Equation 7.7 
The grain refinement through thermo-mechanical treatment showed a significant 
effect on mechanical properties of HEAs (Table. 7.10). The tensile elongation of as-
cast Al0.3CoCrFeNi HEA was 60%, which is similar to the result reported by T.T. 
Shun et.al [4]. Arc melted alloy (current) showed a significant increase in the strength 
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than the induction melted alloy [4] which could be due to grain boundary segregation. 
The grain refinement was demonstrated through cold rolling followed by annealing. 
A difference between the calculated yield strength (σty) and the friction stress (σ0) 
demonstrates the effect of grain boundary strengthening.  
Grain boundary strengthening σGB=σty - σ0    Equation 7.8 
The decrease in the grain size showed a major impact on grain boundary strengthening 
is evident for Al0.3CoCrFeNi (present work) and Al0.5CoCrCuFeNi [265] HEAs. The 
Hall-Petch constant for different materials were compared with the Al0.3CoCrFeNi 
FCC HEA which is presented in Table. 7.12. The Al0.3CoCrFeNi FCC HEA has the 
Hall-Petch constant is relatively higher than the Al [266] , Mg [267], Cu [268], Ti 
[268] and Austenitic stainless steel [269]. This is mainly due to an improved grain 
boundary strengthening in Al0.3CoCrFeNi FCC HEA. 
 
Tensile strength and hardness was compared as a function of grain size (Fig. 7.19). 
Tensile strength for the 900°C annealed alloy showed a significantly improved 
strength when compared with the 1000 and 1050°C annealed alloy. It is worth to note 
that the difference in the tensile strength is ~150 MPa from the tensile test plot (Fig. 
7.19a) and ~200 MPa (Fig. 7.19b) from the hardness plot. The tensile strength also 
showed the significant effect of precipitation strengthening in 900°C annealed alloy 
when compared with the precipitate free alloy (annealed at 1000 and 1050°C). 
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Figure. 7. 19. Tensile strength as a function of grain size a) Tensile test data b) 
Conversion from hardness data (Arrow indicates the difference in tensile 
strength due to precipitation strengthening) 
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The current findings suggest that, in addition to the solid solution and lattice distortion 
(σ0) effect, the grain boundary (σy - σ0) and precipitation strengthening (σyt - σy) also 
have a significant effect on the strengthening of HEA. The grain boundary 
strengthening has a greater influence on the mechanical properties than the 
precipitation strengthening for a given grain size (Table. 7.11). However, the 
precipitation strengthening increases progressively with an increase in the annealing 
time (or grain size), which could be due to an increased volume fraction of precipitates. 
The strength and elongation of the precipitation strengthened alloy was relatively 
higher than the 304 stainless steel and duplex stainless steel [270] and lower to the Ni 
based super alloy [271].   
 
Table. 7. 10. Hall-Petch grain boundary strengthening of precipitate free alloy 
annealed at 900 and 1050°C  
Annealed condition 
Average 
Grain size 
(μm) 
Friction 
stress (σ0) 
(MPa) 
Yield strength 
(σy)  (MPa) 
Grain boundary 
strengthening  
(σy-σ0) (MPa) 
 As-cast 
 
 
 
193.4 
 
243 49 
 H1100 207 14 
900°C, 2 mins 3 442 249 
1050°C, 2 mins 12.3 350 157 
1050°C, 20 mins 20.4 342 149 
1050°C, 60 mins 24.3 290 97 
1050°C, 1440 mins 40.5 204 11 
 
 
 
 
 
Chapter 7  Mechanical Properties 
220 
 
 
 
Table. 7. 11. Precipitation hardening effect of alloys annealed at 900°C (Tensile 
test data) 
Grain 
size (μm)
Friction 
stress 
(MPa)    
(σ0) 
Calculated 
yield 
strength 
(MPa)      
(σty) 
Grain size 
strengtheni
ng (σGB=σty
- σ0) 
Yield 
strength 
from tensile 
test (MPa) 
(σy) 
Precipitation 
strengthening 
(MPa)            
(σp=σy - σyt) 
6.6 
 
193 
373 179 428 56 
9.2  346 152 463 118 
 
Table. 7. 12. Hall-Petch constant for different materials 
Alloy Hall-Petch constant (k) MPa mm1/2 
Steel 23 [268] 
Al 9 [266] 
Mg 7 [267] 
Cu 3.5 [268] 
Ti 12 [268] 
Stainless steel 9 [269] 
Al0.3CoCrFeNi HEA 15 (Present work) 
 
7.4.3. Mechanical properties of hot rolled AlxCoCrFeNi HEAs 
 
The Al0.3CoCrFeNi HEA consisted of a highly deformed structure after hot rolling. As 
reported in the results, the high yield strength in the hot rolled Al0.3CoCrFeNi HEA is 
due the presence of deformed structured caused by the work hardening during hot 
rolling. It could be suggested that the sluggish diffusion (more solutes) [172] and 
lattice distortion (Al) [260] in Al0.3CoCrFeNi HEA can cause for work hardening due 
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to very low restoration at high temperature deformation, the same as in the hot 
deformation study (Section 6.4.1). Cup and cone fracture was observed after tensile 
deformation which represents the ductile type fracture. The moderate ductility (32%) 
in this alloy is due to the recovery and partial recrystallization with a few recrystallized 
grain during hot rolling at 1200°C. However the work hardening during tensile 
deformation is low due to the internal stress created by the deformation during hot 
rolling.  
 
Introducing a second phase has a significant effect on strengthening in HEAs [3, 33]. 
It is evident from the static recrystallization study that the evolution of BCC 
precipitates (Fig. 5.18) increased the strength significantly. As reported in the Chapter 
4 (Section 4.3.2), increasing the aluminium content >0.3 in AlxCoCrFeNi HEA tends 
to evolve second phase BCC [3]. At x = 0.6 duplex HEA is obtained with 75% FCC 
and 25% BCC phase. The phase fraction was similar for as-cast and homogenized 
Al0.6CoCrFeNi duplex HEA. The inter-dendritic BCC phase and needle shaped 
precipitates (Al-Ni rich) in the FCC leads to embrittlement [50] and affects the 
ductility of the homogenized Al0.6CoCrFeNi duplex HEA. An improved strength was 
obtained after hot rolling at 1175°C on homogenized Al0.6CoCrFeNi duplex HEA. 
However the ductility is low due to the presence of deformed structure as a result of 
partial recrystallization (more LAGB) in both FCC and BCC phase the same as in the 
hot rolled Al0.3CoCrFeNi FCC HEA. 
 
Poor ductility (< 2%) in the as-cast Al0.9CoCrFeNi HEA is due to the brittle spinodal 
decomposed BCC [3]. However the homogenized HEA is incorporated with improved 
strength and ductility (~15%) is due to the effect of a homogenized distribution of 
droplet shaped FCC phase in the BCC matrix (Section 4.3.3) [93]. Only partial 
restoration (dynamic recovery and recrystallization) was evident from the evolution 
of more LAGB in FCC and BCC phases. Hence, the low plasticity in the hot rolled 
Al0.9CoCrFeNi HEA was due to partial recrystallization, the same as the 
Al0.3CoCrFeNi and Al0.6CoCrFeNi HEAs.  
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It has been reported that hot rolled/forged HEAs such as CoCrFeNi (FCC), 
CoCrFeMnNi (FCC) [92] and AlCoCrCuFeNi (FCC+BCC) [93] HEAs exhibited 
improved mechanical properties when compared with as-cast alloys. These alloys 
consisted of equiaxed grains due to the multi-pass rolling which lead to improved 
properties of HEAs. The difference between single pass hot rolling (current work) and 
multi-step rolling or forging [92, 93, 272] suggest for the future works such as a study 
of post recrystallization and multi-pass hot rolling for obtaining improved mechanical 
properties in HEAs.  
 
7.5. Conclusions 
 
The mechanical properties were analysed in as-cast, homogenized, static recrystallized 
and hot rolled AlxCoCrFeNi HEAs. The following conclusions were derived from the 
study: 
 Both the microhardness test and tensile deformation study on the static 
recrystallized Al0.3CoCrFeNi HEA at 1000 and 1050°C with different grain 
sizes follow the Hall-Petch relationship. An improved grain boundary 
strengthening was obtained in Al0.3CoCrFeNi HEA with the Hall-Petch 
constant of 15 MPa mm1/2 when compared with Al, Mg, Ti, Cu and stainless 
steel. 
 In addition to the grain boundary strengthening, the individual effect of 
precipitate on strengthening of Al0.3CoCrFeNi HEA were also studied for the 
annealed alloy at 900°C. A difference in the yield strength was ~120 MPa 
between precipitate free and with precipitate alloy which could be due to the 
precipitation strengthening.  
 The improved strength (σy ≈ 1204 MPa with moderate elongation ≈ 22%) was 
evident in the hot rolled (1175°C) Al0.6CoCrFeNi HEA could be due to duplex 
structure. However, reduced ductility was reported in all the hot rolled HEAs 
than the as-cast and homogenized alloys which could be ascribed to the 
presence deformed structure as a result of partial restoration after hot rolling. 
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8. Conclusions and Future Work 
 
8.1. Introduction 
 
Recrystallization during hot deformation and following deformation (i.e. rolling and 
annealing) has a significant industrial importance in producing alloys with improved 
mechanical properties.  However in the case of HEAs, slow diffusion was proposed 
even at high temperature, constraint the movement of dislocations and retarding 
recrystallization. Hence, limited studies have been carried out on the recrystallization 
behaviour of HEAs due to the sluggish diffusion behaviour The present study 
investigated the static and dynamic recrystallization behaviour of AlxCoCrFeNi HEA 
systems for introducing a refined grain size with improved mechanical properties. 
Some of the key findings from the above study has been described in the following 
section.  
 
8.2. Contribution to the knowledge 
 
The microstructural evolution after cold rolling followed by annealing in the 
homogenized Al0.3CoCrFeNi HEA showed a slow grain growth behaviour (grain 
growth exponent n ≈ 5.5 for Al0.3CoCrFeNi HEA and n ≈ 3 for conventional alloy) at 
high temperatures, which could be attributed to the solute drag effect (Chapter 5). The 
evolution of precipitates during annealing at 900°C exhibited a very slow grain growth 
due to the pinning effect. The Al0.3CoCrFeNi HEA also showed the phase stability 
with increased annealing time at high temperature. The current finding on grain 
growth behaviour of Al0.3CoCrFeNi HEA suggests that this alloy could be 
recommended for high temperature applications.  
 
Based on the findings from the dynamic recrystallization behaviour of Al0.3CoCrFeNi 
HEA, a deformation map was developed from the constitutive equations of critical and 
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final strain as a power law function of Zener-Holloman parameter (Equation 6.6 and 
6.12) (Fig. 8.1). The deformation map was useful in predicting the deformation 
conditions for the evolution of a complete recrystallized microstructure. However in 
Al0.3CoCrFeNi HEA, the high activation energy and slow kinetics of dynamic 
recrystallization resulted in high strain for full recrystallization. The slow 
recrystallization in this alloy was found to be due to the presence of more solute atoms, 
effect of Al content and the initial grain size. It is quite difficult to achieve the final 
strain in the Servotest due to a sluggish recrystallization behaviour. Hence, the 
dynamic recrystallization behaviour of Al0.3CoCrFeNi gives the direction for the 
future work in post-dynamic recrystallization in order to obtain a fully recrystallized 
microstructure.   
 
 
Figure. 8. 1. Dynamic recrystallization map for Al0.3CoCrFeNi HEA 
 
The effect of microstructural evolution on the mechanical properties of the cold rolled 
and annealed and hot rolled AlxCoCrFeNi HEA were discussed in the Chapter 7. 
Thermo-mechanical treatment resulted in an improved mechanical properties when 
compared with the as-cast alloys. The tensile properties of HEAs were mapped in the 
Ashby plot and compared with the conventional alloy system (Fig. 8.2). The tensile 
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strength of the cold rolled and annealed Al0.3CoCrFeNi HEA at 1050°C were found to 
be similar to HSLA and austenitic stainless steels. However, the total elongation was 
found to be superior to high Mn TRIP steel and austenitic stainless steel and equal to 
TWIP steel. The alloy annealed at 900°C showed an improved tensile strength due to 
the evolution of Al-Ni rich precipitates which was superior to the austenitic stainless 
steel and nearly equivalent to the high Mn TRIP steel. The tensile strength and 
elongation of hot rolled Al0.3CoCrFeNi HEA was found to be in the range of TRIP 
steel. In the case of hot rolled duplex Al0.6CoCrFeNi HEA, there was a superior 
elongation compared to the martensitic steel with the tensile strength ~1200 MPa. As-
cast Al0.9CoCrFeNi HEA exhibited brittle fracture with a fracture strength ~440 MPa 
and an elongation of ~1.5% (section 7.3.2.2). However, an improved tensile strength 
(~1120 MPa) and elongation (~15%) was obtained in the homogenized alloy. This was 
largely due to the evolution FCC droplet shape phase in the BCC matrix and their 
tensile property was in the range of martensitic steel.    
 
 
*Al0.3 – Al0.3CoCrFeNi HEA, Al0.6 – Al0.6CoCrFeNi HEA, Al0.9 – Al0.9CoCrFeNi 
HEA 
H1100 – Homogenized at 1100°C for 24 hours, D70 – 70% cold rolling, 
A900 – Annealing at 900°C, A1050 – Annealing at 1050°C 
Figure. 8. 2. Ashby chart for total elongation as a function of tensile strength 
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8.3. Conclusions 
 
The work presented in this thesis has examined the thermo-mechanical behaviour of 
HEAs. The effect of cold rolling followed by annealing and hot deformation was 
studied to determine the static and dynamic recrystallization. In this aspect, the effect 
of different deformation and annealing conditions were examined on HEAs. The key 
findings and major conclusions from each chapter have been summarised below. 
 
In Chapter 4, microstructural evolution in the as-cast and homogenized AlxCoCrFeNi 
HEAs were examined with increasing Al content (x = 0.3, 0.6 and 0.9). A phase 
separation was observed with Cr-Fe rich (FCC) and Al-Ni rich (BCC) phases in the 
Al0.6CoCrFeNi and Al0.9CoCrFeNi HEAs after homogenization (at 1100°C for 24 
hours) due to higher negative enthalpy of mixing in the Al-Ni pair element.  
   
In Chapter 5, the effect of different deformation and annealing temperature on static 
recrystallization behaviour of Al0.3CoCrFeNi HEA was examined. The effect of 
homogenization on static recrystallization was also reported for single phase FCC 
Al0.3CoCrFeNi HEA. The following major findings can be represented from this 
chapter:  
 
 The precipitate formation increased progressively with decreased temperature on 
both as-cast and homogenized HEA. The formation of precipitates affected the 
kinetics of static recrystallization in as-cast alloy for an annealing temperature of 
900°C and below. The activation energy of static recrystallization was derived as 
549 kJ/mol. 
 
 The static recrystallization in the homogenised Al0.3CoCrFeNi HEA occurred with 
increased kinetics compared to as-cast alloy and exhibited a grain growth 
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behaviour for the annealing temperature 1050, 1000 and 900°C. The grain growth 
exponent and the activation energy of grain growth was found to be n ≈ 5.5 and Q 
≈ 583 kJ/mol respectively. 
 
  Slow recrystallization and grain growth was evident in Al0.3CoCrFeNi HEA, due 
to the solute drag effect caused by more solute atoms and the interaction of Al-Ni 
rich precipitates with the softening process during annealing. 
 
The effect of different deformation conditions on the dynamic recrystallization 
behaviour of homogenized AlxCoCrFeNi (x = 0.3, 0.6 and 0.9) HEAs was examined 
in Chapter 6. The deformation flow behaviour and the evolution of dynamic 
recrystallized microstructure was studied over the range of different deformation 
process (at 930, 980 and 1030°C with strain rates 0.002, 0.005 and 0.01 s-1). The major 
findings from this chapter are summarised below: 
 
 Al0.3CoCrFeNi HEA showed a typical dynamic recrystallization flow curve at 
0.002 and 0.005 s-1 strain rate indicating that discontinuous dynamic 
recrystallization was the dominant restoration mechanism. However, the absence 
of a steady state stage revealed the existence of only partial recrystallization. At 
0.01 s-1 strain rate the strength increased continuously to the strain 1, however a 
reduction in the work hardening rate showed that the dynamic recovery is the 
dominant restoration mechanism in this alloy with an increased strain rate. 
 
 Critical (εc), peak (εp) and final strain (εf) were derived from the flow curve and 
microstructural investigation for Al0.3CoCrFeNi HEA. The constitutive equations 
were developed as a power law function of Zener-Hollomon parameter. Slow 
dynamic recrystallization and high activation energy of hot deformation (513 
kJ/mol) were believed to be due to a sluggish diffusion behaviour of multi-
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component system and the effect of large atomic radius Al content in 
Al0.3CoCrFeNi HEA.   
 
 The strain partioning was evident from the microstructural investigation in the 
duplex Al0.6CoCrFeNi and Al0.9CoCrFeNi HEAs. Discontinuous and continuous 
dynamic recrystallization was observed in the FCC and BCC phase of 
Al0.6CoCrFeNi HEA. In the case of Al0.9CoCrFeNi HEA, a progressive subgrain 
growth with strain was caused by continuous dynamic recrystallization in both 
FCC and BCC phases.  
 
In chapter 7, mechanical properties of cold rolled followed by annealed and hot 
deformed alloys were studied. The effect of grain size and precipitates on mechanical 
properties were examined for the cold rolled Al0.3CoCrFeNi HEA. The mechanical 
properties were also studied for the hot deformed AlxCoCrFeNi (x = 0.3, 0.6 and 0.9) 
HEAs to examine the effect of microstructure evolved during dynamic 
recrystallization. 
 
 Hall-Petch equation showed a significant effect of grain boundary strengthening 
for the cold rolled and annealed Al0.3CoCrFeNi HEA at 1050°C. The effect of 
precipitate on strengthening was observed for the alloy annealed at 900°C and the 
strength increased with an increase in the volume fraction (and size) of 
precipitates.  
 
 Improved strength was observed in the Al0.3CoCrFeNi and Al6CoCrFeNi HEA 
after hot rolling when compared with the as-cast and homogenized alloys. 
However, a poor plasticity was evident in these alloys after hot rolling which could 
be due to the partial restoration.  
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8.4. Suggestions for the future work 
 
From the static and dynamic recrystallization studies, the following suggestions can 
be proposed for the future work: 
 
Cold rolling and annealing 
 The improved mechanical properties of the Al0.3CoCrFeNi HEA annealed at 
1050°C was attributed to the grain boundary strengthening mechanism.  However, 
the study also exhibited that, precipitates were evolved in this alloy system when 
annealing at 900°C and below. It would be interesting to study the evolution of 
precipitates during aging at 900°C and below temperatures on the mechanical 
properties of fully recrystallized alloy (annealed alloy at 1050°C). 
 
 It was proposed that the Al content has a significant impact on static 
recrystallization and grain growth in the FCC Al0.3CoCrFeNi HEA when 
compared with CoCrFeNi and CoCrFeMnNi alloys. From the literature, it has been 
evident that the FCC phase is pronounced from 0 to 0.4 molar ratio of Al content 
in AlxCoCrFeNi HEA. It is recommended to study the static recrystallization and 
grain growth behaviour of the alloys with 0.1, 0.2 and 0.4 molar ratio of Al content 
to study the effect of Al on solute drag effect.  
 
 The cold rolled and annealed Al0.3CoCrFeNi HEA showed improved room 
temperature mechanical properties compared to the as-cast and homogenized 
alloys. Stability of the grain size and phases at high temperature was also evident 
in this alloy due to a sluggish diffusion behaviour. Therefore, a study of 
mechanical properties at high temperatures should be carried out to establish the 
potential use of Al0.3CoCrFeNi HEA in high temperature structural applications. 
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 Room temperature deformation was quite limited in Al0.6CoCrFeNi and 
Al0.9CoCrFeNi HEAs. A multi-pass warm rolling (< 700°C) followed by annealing 
could be performed to break the as-cast morphology and refining the grains in 
these alloys. 
 
Hot deformation 
 The present work was focused to study the dynamic recrystallization during hot 
working process. From the deformation and microstructural investigation, it could 
be suggested that, it was quite difficult to obtain a full recrystallization even at 
high temperatures and low strain rate deformation in AlxCoCrFeNi HEA. Hence, 
a post dynamic recrystallization such as meta-dynamic recrystallization or static 
recrystallization after hot working can be employed to obtain a refined 
microstructure with full recrystallization. The results from the meta-dynamic 
recrystallization could be useful in determining multi-pass hot rolling parameters.  
 
 
 Slow dynamic recrystallization and a higher activation energy of hot deformation 
in Al0.3CoCrFeNi HEA was ascribed for an initial coarse columnar grain size and 
Al content. The different grain size microstructure obtained from the static 
recrystallization study in the Al0.3CoCrFeNi HEA could be used for a hot 
deformation study to determine the effect of initial grain size on dynamic 
recrystallization. Furthermore, the effect of Al (i.e. varying Al from 0.1 to 0.4) on 
the dynamic recrystallization behaviour of AlxCoCrFeNi FCC HEAs can also be 
studied.   
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Appendix 
 
A1. Static recrystallized microstructures 
 
 
Figure A 1. SEM microstructures of recrystallization of 30% deformed alloy 
annealed at 1000°C (arrow indicates grain growth direction) 
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Figure A 2. SEM microstructures of recrystallization of 50% deformed alloy 
annealed at 1000°C (precipitates along the pre-existing grain boundary) 
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Figure A 3. SEM microstructures of recrystallization of 50% deformed alloy 
annealed at 900°C 
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Figure A 4. SEM microstructures of recrystallization of 70% deformed alloy 
annealed at 1000°C (arrow indicates the precipitates formation along the pre-
existing grain boundary of as-cast alloy) 
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Figure A 5. SEM microstructures of recrystallization of 70% deformed alloy 
annealed at 900°C (arrows indicate precipitates along the deformed grains (20 
mins) and recrystallized grains (200 mins)) 
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Figure A 6. SEM microstructures of recrystallization of 70% deformed alloy 
annealed at 800°C (arrow indicates precipitates along the grains (20 mins) and 
deformed structure (200 mins)) 
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Figure A 7. SEM microstructures of recrystallization of homogenized and 70% 
deformed alloy annealed at 1050°C 
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Figure A 8. SEM microstructures of recrystallization of homogenized and 70% 
deformed alloy annealed at 1000°C (arrow indicates few precipitates along the 
recrystallized grain boundary) 
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Figure A 9. SEM microstructures of recrystallization of homogenized and 70% 
deformed alloy annealed at 900°C (evolution and growth of high volume 
fraction of precipitates along the grain boundary and grains) 
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Figure A 10. SEM microstructures of recrystallization of homogenized and 70% 
deformed alloy annealed at 800°C 
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A2. Static recrystallization kinetics (JMAK plots) 
 
 
Figure A 11. Recrystallization behaviour of as-cast HEA (a) t vs Xv, (b) JMAK 
plot for 30% deformed alloy annealed at 1000ºC 
 
 
Figure A 12. Recrystallization behaviour of as-cast HEA (a) t vs Xv, (b) JMAK 
plot for 50% deformation alloy annealed at 900 and 1000°C 
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Figure A 13. Recrystallization behaviour of homogenized HEA (a) t vs Xv, (b) 
JMAK plot for 70% deformation alloy annealed at 800°C 
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